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ABSTRACT 
 
In the present thesis an acoustic and morphometric approach to patterns of variation and 
divergence of south European cicadas, with emphasis on the genus Cicada L. was carried out. This 
allowed the outcome of a revised list of all the cicada species known to occur in Portugal, as well as 
the first description of the calling song of Euryphara contentei based on material from the type locality. 
A more thorough characterization of the genus Cicada was performed and the new species Cicada 
cretensis Quartau & Simões, 2005 was described to science. Knowledge on the biogeography and on 
the structure and patterns of variation in acoustic signals and morphometrics of the species within 
this genus was significantly increased. A clear geographical separation between C. orni and C. 
mordoganensis was found in the Aegean area, the former species being present in the west and central 
localities, while the latter occurs in the eastern part of the area. In C. orni, populations from SE 
Europe appeared to be acoustically differentiated through longer inter-echeme durations. The 
biogeography of the genus proved to be correlated with the tectonical evolution of the Aegean area. 
Therefore, paleogeography may be considered one of the major factors responsible for the present 
levels of endemism and patterns of distribution in the genus Cicada. Morphometric analysis in size 
and shape revealed that C. lodosi and C.barbara are the species morphologically more divergent, a 
result in agreement with the acoustic data. However, divergence is less pronounced in morphology 
than at the acoustic level. In the genus Cicada, the calling song appeared to have an important role 
both in long and short range communication, therefore acting as a Specific Mate Recognition 
System (SMRS). Echeme and syllable rate are possibly the acoustic parameters with more relevant 
information in species recognition and mate choice. 
Keywords: Cicada, Cicadidae, bioacoustics, morphometry, biogeography.   
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RESUMO 
Padrões de variação em Cicadídeos (Insecta, Hemiptera) da Europa meridional: uma 
perspectiva acústica e morfométrica com ênfase no género Cicada L.  
 
As cigarras são insectos pertencentes à ordem Hemiptera cujos machos produzem sinais acústicos 
tipicamente característicos de cada espécie, nomeadamente os chamados sons de chamamento. 
Estes sinais são considerados como parte integrante dos “sistemas específicos de reconhecimento 
sexual” (“specific mate recognition systems”, SMRSs), cujo estudo e caracterização é 
particularmente importante na delimitação e discriminação de espécies e populações, bem como 
para uma melhor compreensão dos seus padrões de divergência evolutiva. 
 
De igual modo, estudos morfométricos envolvendo análises em tamanho e forma, nomeadamente 
da morfologia externa e da genitália masculina, também fornecem informação importante para 
detectar eventuais diferenciações, mesmo que subtis, entre espécies próximas, bem como para a 
provável existência de isolamento reprodutor. Por isso, também os dados de morfometria podem 
ser úteis quer para a resolução de problemas taxonómicos, quer para testar hipóteses relacionadas 
com a especiação e evolução. 
 
As cigarras são, assim, insectos com interesse especial em estudos sobre divergência populacional e 
especiação. Foi com este objectivo que, na presente tese, se seleccionaram, como modelo, os 
Cicadídeos que ocorrem em Portugal, tendo-se dado especial ênfase às espécies do género Cicada L. 
na área Mediterrânica. Pretendeu-se, assim, contribuir para um melhor conhecimento da 
biogeografia, dos mecanismos de divergência populacional, aos níveis acústico e morfométrico, e 
das suas possíveis causas, para além do estudo da estrutura das populações das espécies 
seleccionadas e dos seus padrões de variação. 
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Foram estudadas cigarras colectadas em diferentes localidades do sul da Europa e do norte de 
África (Espanha, França, Grécia, Turquia, Marrocos, etc.), para além de Portugal, tendo sido 
gravados, igualmente, os sons de chamamento dos machos. No que se refere especificamente a 
Portugal, efectuou-se o estudo dos sinais acústicos das cigarras portuguesas pior conhecidas, tendo-
se conseguido a primeira descrição do sinal acústico de Euryphara contentei na localidade típica 
portuguesa e ainda o estabelecimento das seguintes sinonímias: Tettigetta argentata (Olivier, 1790) = 
Tettigetta atra (Gomez-Menor, 1957) e Tettigetta estrelae Boulard, 1982 = Tettigetta septempulsata Boulard 
& Quartau 1991.  
 
O principal objectivo da presente tese centrou-se, como foi dito, num melhor conhecimento das 
espécies gémeas que compõem o género Cicada na área mediterrânica, aos níveis acústico, 
morfométrico e biogeográfico. Assim, foram caracterizadas em detalhe quatro espécies - C. barbara 
Stål, 1866, C. lodosi Boulard, 1979, C. mordoganensis  Boulard, 1979 e C. orni Linnaeus, 1758 -, 
salientando-se ainda a descrição da nova espécie para a ciência - C. cretensis Quartau & Simões, 2005. 
É de referir que o trabalho de campo não permitiu encontrar as duas espécies dúbias C. cerisyi 
Guérin-Méneville, 1844 e C. permagna Haupt, 1917, dadas para o Egipto e Líbia, e para a Turquia, 
respectivamente, o que sugere não passarem de meras formas nominais, nomeadamente eventuais 
sinonímias.  
 
Quanto à biogeografia, salienta-se a clara separação entre C. orni e C. mordoganensis na área do mar 
Egeu, estando a primeira espécie presente no lado ocidental e central, enquanto a segunda surge na 
área oriental. No que se refere à estrutura dos sinais acústicos e aos padrões de variação acústica das 
populações das espécies estudadas, verificou-se em C. orni uma variação significativa nos sinais de 
chamamento quando diferentes regiões foram analisadas. Assim, as populações do sudeste da 
Europa formam um grupo divergente relativamente às da Europa ocidental, tendo revelado 
essencialmente maiores durações médias no intervalo entre os equemas. Por outro lado, verificou-
se que os exemplares de C. orni capturados em Lesbos não constituem afinal uma subespécie 
distinta, tal como havia sido descrito anteriormente por outro autor.  
 
Relativamente à história evolutiva, provavelmente uma espécie ancestral de Cicada, semelhante às 
espécies actuais com sinal contínuo, tal como em C. barbara, terá originado várias populações 
distintas e, assim, permitido a ocorrência de diferenciação acústica e consequente especiação. Essa 
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espécie ancestral terá originado as actuais espécies com sinal acústico contínuo, o estado 
plesiomórfico, bem como as espécies com sinais derivados descontínuos, onde a duração dos 
equemas e intervalos entre equemas terá divergido independentemente em populações pequenas e 
isoladas. Duas áreas terão sido importantes neste processo de divergência: uma na parte ocidental 
da bacia mediterrânica (Península Ibérica e Norte de África), onde actualmente existem C. barbara e 
C. orni; e a segunda, localizada na região oriental (Balcãs, ilhas do mar Egeu e Turquia), onde se 
encontram actualmente C. cretensis, C. lodosi, C. mordoganensis e C. orni.  
 
As espécies de Cicada da área oriental podem, por seu lado, ter derivado de um stock presente no 
Mioceno, no momento da separação da placa do Egeu. A expansão deve ter ocorrido 
principalmente por vicariância e não por dispersão. Efectivamente, a biogeografia do género parece 
estar relacionada com a evolução tectónica desta área. Logo, a paleogeografia da área pode ser 
considerada como um dos factores responsáveis pelos presentes níveis de endemismo e padrões de 
distribuição destas espécies. A diferenciação geográfica verificada em C. orni é provavelmente 
devida a um isolamento considerável das populações orientais através das montanhas dos Balcãs 
durante as glaciações, devendo a área do mar Egeu, bem como a Ásia Menor, corresponder à área 
original de dispersão e expansão de C. orni.  
 
No presente trabalho, verificou-se, ainda, que a duração dos equemas foi a variável acústica que 
mostrou ser mais constante ao longo da distribuição geográfica de C. orni, o que, por si só, sugere 
que este parâmetro é, provavelmente, um dos que contém informação relevante dentro do 
chamado “sistema específico de reconhecimento sexual” desta espécie. Pelo contrário, a duração do 
intervalo entre os equemas revelou-se muito variável e a sua variação sobrepõe-se grandemente à de 
C. mordoganensis, pelo que este parâmetro não deverá ser especialmente informativo. Também em C. 
mordoganensis e C. cretensis, o equema foi a variável que apresentou maior constância, sendo 
praticamente invariável ao longo das respectivas distribuições geográficas. 
 
No sentido de se aprofundar o comportamento acústico e o reconhecimento específico em C. orni, 
implementou-se experimentação adequada, tendo os resultados sugerido que os machos 
reconhecem a variação nos sinais de forma descontínua, sendo incapazes de mostrar respostas 
selectivas a pequenas diferenças. Para que exista resposta, os machos parecem necessitar de ouvir 
um mínimo de duração do equema e do intervalo entre equemas, correspondendo estes valores 
 x 
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aproximadamente ao limite inferior de variação natural da espécie. Assim, estes parâmetros 
acústicos parecem ser importantes para o reconhecimento específico entre machos. É de salientar 
que os sinais heterospecíficos demonstraram ser, por vezes, apropriados, tendo os machos 
respondido aos sinais de outros machos de espécies distintas. Porém, esta aparente tolerância e 
permissividade da resposta dos machos a sons heterospecíficos resultará de uma ausência de 
selecção na resposta aos sinais alopátricos heterospecífios. 
 
Outro tema investigado foi o estudo da divergência morfométrica com o objectivo de delimitar 
descontinuidades entre populações e de a comparar com a divergência acústica. Foi encontrada 
uma maior divergência morfométrica (em tamanho e em forma) no que se refere às espécies C. 
lodosi e C. barbara, tendo-se revelado muito semelhantes as restantes três espécies (C. cretensis, C. 
mordoganensis e C. orni). Assim, os resultados morfométricos corroboram, em certa medida, os dados 
acústicos. No entanto, mostram que a divergência na morfologia que é muito menor do que a 
divergência nos sinais acústicos. Logo, a congruência entre a divergência morfológica e a acústica 
parece ser baixa, o que parece caracterizar o género Cicada. De facto, neste complexo de espécies a 
divergência acústica foi atingida com baixos níveis de diferenciação morfológica, especialmente ao 
nível da morfologia externa. Curiosamente, esta tendência não é geral em cigarras, pois em Tibicina, 
por exemplo, uma nítida divergência morfológica foi atingida com uma diferenciação acústica 
meramente subtil. 
 
Por último, e contrariamente ao que sucede noutros grupos de cigarras, como é o caso do género 
Tibicina, em Cicada não foi até à data encontrado qualquer outro comportamento acústico relevante 
como, por exemplo, a existência de batimento alar (“wing-flicks”). Assim, no género Cicada o sinal 
de chamamento terá um papel fundamental na comunicação quer a longa, quer a curta distância. 
Desta forma, será relevante não só no reconhecimento específico, como eventualmente na selecção 
sexual, sendo a duração do equema e a taxa silábica as características do sinal possivelmente mais 
significativas naquele sistema de comunicação. Esta é, provavelmente, a razão porque a divergência 
morfológica é menos pronunciada do que a divergência acústica, e isto com maior relevo para as 
situações de simpatria. 
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GENERAL INTRODUCTION 
1.1 Species and speciation 
 
Speciation is a central issue in Biology and has become one of the major dynamic areas of 
Evolutionary Biology. Several different speciation models were proposed in the last decades, yet 
speciation continues to be a poorly understood evolutionary event. There is still a great controversy 
and a lot of questions to be answered but substantial progress has been achieved lately, namely in 
the understanding of processes like sympatric speciation, reinforcement and genetic evolution of 
post-mating isolation.  
 
The subject of speciation implies a well established species definition. Many concepts have been 
proposed, most of which were presented in the last decades (e.g. Mayr & Ashlock 1991; Hey 2001). 
Many researchers define species in terms of the so called Biological Species Concept (e.g. Turelli et 
al. 2001; Noor 2002). This definition was first proposed by Mayr (e.g. 1942, 1963), who considered 
that species consisted of “a group of actually or potencially interbreeding natural populations which 
are reproductively isolated from such other groups”. Therefore, this concept is based on the 
existence of isolating mechanisms (Dobzhansky 1937; Mayr 1963) which consist in any species 
attribute which decreases the probability of interspecific hybridization. As such, development of 
two or more different species occurs when reproductive isolation evolves.  According to 
Dobzhansky, Mayr and other authors speciation is the evolution of reproductive isolation namely at 
the post-mating level (e.g. Claridge & De Vriijer 1993; Claridge 1995). Although accepted in general 
terms by most biologists, this biological concept can be problematic in many instances. On the one 
hand, it can only be applied to sexually reproducing populations. On the other hand, the isolation 
of two populations can only be tested if they are sympatric and synchronic. 
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Paterson was one of the most critical authors to this concept (1978, 1980, 1981, 1982, 1985). He 
stated that isolating mechanisms are only a result of allopatric differentiation during the process of 
specific divergence. He has developed a new concept which he coined as the “recognition 
concept”, in contrast with Mayr’s biological species which he called the “isolation concept”. He 
defined species as “the most inclusive population of individual biparental organisms which share a 
common fertilization system”. Therefore he recognizes that different species are characterised by 
distint Specific Mate Recognition Systems (SMRSs) which result in the reproductive isolation 
observed between different species in the field (Claridge et al. 1997a). For Paterson, speciation 
corresponds to the evolution of successive specific mate recognition systems, meaning that those 
mechanisms which occur before mating are very important components in originating specific 
divergence.  
 
In spite of some controversy on the “recognition concept” (e.g. Ferguson 1992; Hulley & Hill 
1992; Coyne et al. 1988; Lambert & Spencer 1995) the Paterson’s proposal can be considered as a 
mirror image of the “isolation concept”. Thus, the two definitions have a lot in common and can 
be considered complementary concepts (e.g. Claridge 1995; Claridge et al. 1997a) having the 
“recognition concept” the great advantage of being operational (Quartau, pers. com.). 
 
It must be emphazised that SMRSs can refer to quite different system types, namely at the acoustic, 
visual or chemical levels. In fact, the acoustic signals constitute an important part of the SMRS in 
many animal species as in, birds, amphibians, and insects as, for instance, in the Hemiptera 
Cicadomorpha. Cicadas, for instance, have SMRSs typically of the acoustic type and it is the 
structure of the acoustic signal, the underlying acoustic behaviour and the mechanisms of sound 
production and reception that ensure syngamy. 
 
Thus, a new species is thought to be originated in these insects whenever changes are established in 
a new acoustic system, what creates the isolation between the new males and females relatively to 
the parental population. 
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1.2   Cicada morphology and ecology  
 
The family Cicadidae (Hemiptera, Cicadomorpha) contains all typical cicadas, i. e., it includes all 
genera and species that produce air-borne sound using well-developed tymbal muscles and an 
enlarged abdomen acting as a resonating chamber. As explained later (1.3, page 7), these 
modifications are restricted to the males, as they are the only sex that produces long distance 
sounds as part of sexual communication As typical of other families, female cicadas have a blade-
like ovipositor that is used to cut into the bark or grasses for egg-laying purposes (e.g. Boulard 
2006). 
Most cicadas have transparent wings with pigmented veins. Body colours are due to pigments in 
the cuticle or to subcutaneous tissues showing through transparent areas of the cuticle. Many 
species are pruinose, that is, covered by a waxy white powder. Setae appear on many parts of the 
body, sometimes in dense patches and pubescent patches of setae may be visible as areas of 
contrasting colour (e.g. Boulard 2002). Although large, cicadas are difficult to dissect and are not 
ideal subjects for the study of general insect anatomy. Therefore, only external anatomy of adults is 
usually considered. Colour photographs, keys, and discussions of biology and anatomy are available 
in Myers (1929) and Boulard & Mondon (1995). 
The life cycle consists of egg, several nymphal instars, and the imago. The female uses the 
ovipositor to cut a slit in the tip of woody branches, grass or herb stems into which eggs are 
deposited. The total number of eggs laid varies depending on the species, but generally do not 
exceed a few tens (Sueur & Puissant 2001). Preference for oviposition sites also varies depending 
on the species. Smaller species often prefer twigs or grass stems and may oviposit in either dead 
or living material depending on requirements. Larger species tend to oviposit in living branches 
or in the bark of trunks (Boulard 1965). 
After oviposition, the nymphs emerge from the eggs, fall to the ground and burrow into it. 
Several years, depending on the species, are spent feeding underground as nymphs in cells or 
burrows in the soil before the final nymphal instar burrows out of the soil (e.g. Quartau 1995; 
Williams & Simon 1995; Sueur & Puissant 2001). North-american periodical cicadas are an 
extreme and fascinating example of long life cycles. These species develop underground for 
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precisely 13- or 17-years and adults emerge in synchrony in astonishing numbers (e.g. Williams & 
Simon 1995). 
Therefore, when the nymphs reach maturity and when the conditions are right, the nymphs 
emerge and climb onto a tree trunk, stump or grass stem.  All cicadas leave behind an exuvium of 
the final nymphal instar once successfully emerged, by spliting their exoskeleton along the dorsal 
midline. Many of the moulting nymphs fall victim to predators, such as birds, as they moult from 
their nymphal skin since it takes some time for the wings to harden through pumping of 
haemolymph fluid and it also takes a while for the newly moulted adults’ cuticle to attain true 
colour and provide camouflage. For many species, July can be regarded as the official “cicada 
season”, since it is the month of adult emergences and survival which may only last 1-3 weeks 
(Boulard 1965; Sueur & Puissant 2001).  Large species like the periodical cicadas may live up to 
two months (Williams & Simon 1995). 
Cicadas as hemipterans use a special type of proboscis, called a rostrum, to pierce into plant 
tissue. Both nymphs and adults feed from xylem. Adults feed using their beak to tap into the 
xylem of the aerial portions of plants. The subterranean nymphs feed from the xylem of the roots 
of trees. Adult cicadas do not require so prolonged feeding periods as nymphs, but they still need 
to consume fluids at intervals, during the day and night, to avoid desiccation. As xylem feeders, 
cicadas rely on an exceedingly dilute food resource as the function of xylem is to transport water 
and mineral nutrients, therefore poor in protein and sugars (Heliövaara et al. 1994; Williams & 
Simon 1995). This apparent disadvantage of xylem feeding may be countered by access to a 
potentially abundant supply of water from the xylem. Plant sap is largely made up of water and 
the cicadas have to process and discard much of the water to obtain their energy requirements. 
This is accomplished by regular shunting of water and diluted amounts of urea.  
On the other hand, it has been mentioned that several insect groups have obligate, bacterial 
symbionts that provision their hosts with nutrients that are limited in the diet. It is the case of the 
cicadas Magicicada septendecim and Diceroprocta apache for which it was reported the identity of a 
highly specialized symbiont (Moran et al. 2005). 
Although both nymphs and imagoes feed from xylem, the only important damage to plants 
results from the eventual dense oviposition in young twigs, which may cause extensive dieback, 
particularly in the emergence sites of the periodical cicadas (Williams & Simon 1995).  
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1.3 Acoustic communication in cicadas: acoustic behaviour and 
sound production 
 
1.3.1 Acoustic behaviour 
 
Cicadas are insects that can usually be recognised by the ability of males to produce loud airborne 
acoustic signals (e.g. Claridge 1985; Boulard & Mondon 1995; Quartau 1995). The type and 
intensity of the signal depends, in general, on the insects’ internal motivation, being the calling song 
typically species specific and the most common among species. 
Cicadas usually sing during the heat of the day and are the main insects capable of producing such a 
unique and loud sound. Some larger species can produce a call of 100 decibels within a one meter 
range (Bennet-Clark 1998a) and this is near the pain threshold of the human ear.  Therefore, even 
cicadas must protect themselves from the volume of their own singing. Both male and female 
cicadas have a pair of large, mirror-like membranes called the tympana, which function as ears. The 
sensory part of the male ear is in a separate capsule and this separation may prevent it from being 
damaged by the sound (Bennet-Clark 1998a).  
The apparatus used by cicadas to produce these loud songs is complex and the organs that 
produce sound are called tymbals. The signals are produced during mating and pair formation 
(e.g. Claridge 1985; Boulard & Mondon 1995; Quartau 1995). Females recognise the signal of its 
own species and, if in the proper physiological state, respond, generally, moving in the male 
direction. In some species male signal also promotes male aggregation resulting in chorus centres 
to which females are attracted (e.g. Claridge 1985; Villet 1992; Williams & Simon 1995). 
Aggregation and chorus centres constitute a phenomenon observed mostly in the larger and 
medium sized cicada genera and is most likely directly related to mate signalling opportunities 
(e.g. Greenfield 1994).  If a male cicada recognises the sound of another singing male it will fly 
near to where the sound is coming from. Then, it will start singing to signal to females that have 
already flown in, in response to the original male song.  This event may also provide benefit from 
minimization of predation risks (e.g. Greenfield & Roizen 1993). As such, a possible, though 
indirect, by-product is that the group of singing males in the area may confuse predators (e.g. 
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Karban 1983; Williams & Simon 1995; Boulard 2006) and the probability of escaping predation is 
greater at high density sites (Karban 1982; Oberdorster & Grant 2007). 
Smaller cicadas tend not to aggregate as noticeably, being more mobile singers and hence they are 
in general more difficult to observe. This is probably another adaptation to avoid major predators 
(e.g. Boulard 2006). Other small species are very static singers and rely on camouflage, rather 
than being evasive. On the other hand, the production of an alarm call, which differs from the 
calling song, may also decrease predatory efficiency. 
The calling song produced by the male cicada represents the first active stage leading up to 
reproduction. It acts as a long distance signal to the females. Cicadas are genetically encoded to 
perform the song produced by their species, i.e., it is not a learned trait. If a female detects the 
song and is receptive (e.g. not feeding or already mated) then will recognise the signal and fly in 
to approximately where the sound is coming from. The next stage depends on the species 
considered. The female may continue to actively seek out the male and then coupling takes place. 
Alternatively, male may use audio senses to eventually fly onto the correct branch or grass stem 
and walk up to the female. Following this process, mating commonly takes place (e.g. Boulard 
2006). 
 
1.3.2 Sound production 
 
Long distance communication through air implies the existence of an apparatus capable of 
producing such a unique and loud sound. As explained before, this mechanism of sound 
production is based on the existence of specialized cuticle membranes constituting a pair of tymbals 
that have been considerably studied during last decades (e.g. Pringle 1954; Moore & Sawyer 1966; 
Reid 1971; Simmons & Young 1978; Young & Josepheson 1983; Bennet-Clark & Young 1992; 
Fonseca & Popov 1994; Young & Bennet-Clark 1995; Fonseca 1996; Bennet-Clark 1999; Bennet-
Clark & Daws 1999; Young & Josephson 2003). 
Tymbals are located dorsolaterally in the first abdominal segment of male cicadas. In some cicadas, 
males have tymbal covers and may also have enlarged opercula, which are best described as two 
large plates on the posterior ventral thorax, covering the tympana. Females generally lack tymbals 
and in fact have smaller tympana as well. The tymbal is a chitinous membrane, consisting in a series 
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of dorso-ventral ribs which arche to the outside. Ribs are alternately long and short and the short 
ones mark the line along which the tymbal buckles when it is pulled inward. A metathoracic muscle 
is attached to each tymbal providing the energy necessary to vibrate the membrane and forcing ribs 
to buckle one after the other. Each time a rib is buckled from its resting convex shape, it acquires a 
new position, being the change in rib position the motor of an “in-click” quick sound production. 
Afterwards, when the fribillar muscles relax, the rib returns to its initial position originating a “out-
click” sound production. Therefore, sound is produced by the consecutive “in-click” and “out-
click” sounds of each rib in the tymbal. The number and grouping of ribs may differ greatly with 
the species considered, but it is normally species specific (Claridge 1985). Additionally, tensor 
muscles can change acoustic sound production by changing the tensor force in tymbals (e.g. Pringle 
1954; Simmons & Young 1978; Fonseca 1996; Fonseca & Henning 1996).  
The sounds can run together, so that the two tymbals buckle synchronously or asynchronously at 
varying speeds to create a buzz, a series of pulses, or a complex group of individual ticks (the latter 
occurring often in the smaller species) in a rhythm varying from species to species (e.g. Pringle 
1954; Boulard 1995; Bennet- Clark 1999). Abdominal movements may also promote a secondary 
modulation caused by the opening and closing of the holes between the abdomen and the opercula 
(Young 1972; Weber et al. 1987; Bennet-Clark 1998a). 
The high signal intensity is essentially due to the presence of abdominal air sacs. These structures 
are an integrating part of the insect’s tracheal system and are adjusted to ressonate at the tymbal 
natural vibration frequency (e.g. Claridge 1985; Bennet-Clark & Young 1992; Bennet-Clark 1998a). 
As a result, abdominal air sacs together with tympana function as sound radiators allowing for long 
distance communication. Moreover, body size may also influence sound production intensity (Villet 
1987; Sanborn & Phillips 1995): larger dimensions result in more muscle mass, larger air sacs and 
consequently higher sound intensity. A general strong negative relationship between body size and 
frequency parameters of signals is also stated for many taxa (e.g. Bennet-Clark & Young 1994; 
Bennet-Clark 1998b; Sueur & Aubin 2003; Crocoft & Deluca 2006). Therefore, time and amplitude 
modulation patterns of the sound are mostly dependent on the motor pattern generated by the 
nervous system (Fonseca 1994), while the natural song frequency is largely dependent on the 
structure, dimension and morphology of the tymbals, abdominal cavity and tympana (Young 1972; 
Bennet-Clark & Young 1992).  
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Another method of communication that is used in addition to song in some species is wing flicking 
against the body. This technique is used for close range signalling by both sexes of many cicadas 
(e.g. Sueur & Aubin 2004; Boulard 2006). There is also a method of sound production in a small 
group of cicadas that consists in banging the costal edge of the tegmina on the substrate, resulting 
in a soft crepitating sound (Boulard 2006). Likewise, stridulatory devices also have been found in 
certain cicadas (Boulard 2002, 2006). Finally, the archaic family Tettigarctidae lack tymbals, hence 
the sound production organs are quite different from those of typical cicadas. Both male and 
female Tettigarcta produce low intensity signals through dorsoventral abdominal vibrations which 
are transmitted throughout the substrate (Claridge et al. 1999). 
 
1.4 The role of bioacoustic and morphometric analyses in speciation 
related problems  
 
Acoustic mating signals are generally conspicuous to the human ear and are also very easy to 
analyse, therefore have been widely studied in several groups of animals. These usually stereotyped 
signals constitute excellent characters for the recognition and delimitation of species. Many studies 
on hemipteran insects (e.g. Cicadomorpha) have contributed to the discovery of new sibling species 
not previously detected before since there were no apparent morphological differences (e.g. 
Claridge & De Vrijer 1993; Quartau & Boulard 1995; Claridge et al. 1997b; Gogala & Trilar 1999; 
Marshall & Cooley 2000; Goglala & Trilar 2004; Quartau & Simões 2005; Gogala et al. 2008). 
 
Although differences in acoustic signals can be used to discriminate species and populations, little is 
known, as yet, on the more informative parameters of the signal which are important in the specific 
mate recognition. Some authors have suggested that amplitude modulation of the sound gives 
important cues to which the conspecifics respond. Nevertheless, until recently, little evidence 
existed. For instance, Doolan & Young (1989) stated that the females of Cystosoma saudersii 
(Cicadidae) identify conspecific males at two different levels. First, at long distance communication 
level, they recognize signal frequency. Afterwards, at short distance, females identify the temporal 
parameters relevant to species recognition.  
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Work with other Cicadomorpha such as the delphacid Nilaparvata lugens (Claridge et al. 1985) also 
exposed some cues on the acoustic signal information that is important to specific mate 
recognition. Studying different populations from Asia and Australia, these authors also found 
significant differences in pulse repetition frequency (PRF) in the male acoustic signals. In addition, 
their results gave a negative correlation between PRF differentiation level and laboratory 
hybridization success. As such, they concluded that PRF is an important element of the SMRS. 
 
In contrast, De Vrijer (1984) confirmed that in Javesella pellucida (Delphacidae) many temporal 
parameters of the acoustic signal, such as durations and rates, are dependent on temperature. 
Moreover, he demonstrated that female response decreases with changes greater than 10ºC. He 
suggested that the acoustic signal specificity must not be determined by such temporal parameters. 
On the other hand, in different species of cicadids from South Africa, it was shown that, within 
conspecific populations, there is high signal variation in the temporal parameters and that in these 
species the pulse repetition rate varied considerably (Villet 1988).  
 
Moreover, similarly to Nilaparvata, Stöling et al. (2004) found that in Okanagana rimosa (Cicadidae) 
the repetition rate of the calling song has an important role in the species discrimination by females. 
 
Summing up, the acoustic signals seem to constitute a very useful tool in species discrimination. 
However, the identification of the more relevant acoustic elements is a difficult and multiapproach 
task (Claridge 1995). Under these circumstances, the use of play-backs is one of the methodologies 
which can be of great help since it takes advantage of the receivers’ natural response to signals. 
Play-back tests can be used to reproduce the sender signal in a way that the receiver response 
reveals how the signal is interpreted (e.g. Hopp & Morton 1998). For this reason, this technique can 
be very efficient in testing acoustic behaviour hypotheses, namely the female response to different 
sound elements.  
 
Finding out which acoustic parameters are important in species recognition and mate choice will 
allow to test the efficiency of the premating isolation barrier between different species, as well as to 
determine other components that may contribute to reproductive isolation. In cicadas, however, 
this approach is considerably difficult since these insects are not easy to breed in the laboratory and 
females frequently do not show conspicuous responses. Nonetheless, acoustic analyses have been 
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central to many insect biosystematic studies and such results have constituted the starting point to 
further research, namely on speciation modes (e.g. Gray & Cade 2000; Marshal & Cooley 2000) and 
on the evolution of behaviour (e.g. Henry et al. 1999).  
 
In fact, the study of subjects related to SMRSs and isolation mechanisms can give us information to 
better understand several speciation related problems. For instance, one of the consequences of 
Paterson’s theory is that SMRSs should be subjected to a stabilizing selection and thus there should 
be no significant intraspecific variation. Nevertheless, the acoustic signal analyses in Asian and 
Australian populations of Nilaparvata lugens demonstrated geographical variation in the SMRS 
(Claridge et al. 1985, 1988; Claridge 1989). This interesting result is in some conflict with the 
Paterson’s recognition concept since, according to this author, it would be expected no divergence 
when in isolation, i.e., variation in the SMRSs should be inexistent or highly limited. Also studies in 
cicadas have given similar results to those obtained with Nilaparvata in showing some geographical 
variation (e.g. Quartau et al. 1999a).  
 
These examples of SMRS variation between conspecific populations can, however, be interpreted 
as being in agreement with the Paterson’s predictions. In fact, statistical variance may not be 
biologically significant.  For instance, females may be tolerant to a variation since they don’t 
respond to an ideal signal but to the best available signal and which may differ markedly from the 
ideal (Villet 1995). Therefore, despite the stabilizing effects of coadptation between the sexes, 
acoustic parameters that may be important in their recognition by conspecifics, can retain a 
measure of variability and a degree of geographic variation can also be expected. Consequently, a 
careful reevaluation is necessary, namely, to evaluate which detected differences are in fact 
biologically significant. Response to these questions can contribute to enlighten and clarify better 
the Paterson’s theory, hence making it stronger and more operational.  
 
On the other hand, data for instance from Claridge (1989) and Claridge & Morgan (1993) are more 
consistent with speciation theories involving sexual selection rather than those based on the 
recognition concept. Their results pointed out to the hypothesis that divergent sexual selection may 
occur and modify features of the signal not related with specific recognition. Hence, sexual 
selection may generate fast divergence in signals of isolated populations and acoustic divergence in 
allopatric populations can occur with a minimum level of reproductive isolation. More recently, 
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acoustic signals have been widely studied and subjected to evolutionary studies of sexual selection 
(e.g. Boak et al. 1997; Gray & Cade 2000; Panhuis et al. 2001; Masta & Maddison 2002; Gray 2006). 
 
Likewise, the study of mating signals can also provide information on other mechanisms involved 
in speciation, as well as to find out if the process occurs in allopatry or in sympatry. For instance, 
during the last decade, new interest emerged on reinforcement (e.g. Noor 1999; Turelli et al. 2001; 
Marshall et al. 2002; Servedio & Noor 2003; Servedio 2004) and several research projects were 
performed testing its occurrence in different animal groups, including studies with cicadas (e.g. 
Marshall & Cooley 2000; Cooley et al. 2001). All this suggests that studies related with acoustic 
signals are strongly connected with issues on speciation.  
 
On the other hand, analyses of general size and shape, namely of the male genitalia, also provide 
information to quantify subtle differentiation between closely related species or populations and to 
infer of the possible existence of reproductive isolation (e.g. Simon 1992; Claridge et al. 1997b). 
Therefore, data on morphometrics can be useful to access information in order to solve taxonomic 
problems and also to test specific hypothesis related with speciation and evolution in conjunction 
with ethologic and genetic data.  
 
Description and measurement of shape has remained an enduring endeavour. Due to the growing 
access to computers, numerical techniques are nowadays well established and widely used, namely 
those of multivariate analysis such as principal component analysis, factor analysis, discriminant 
analysis, etc. (e.g. Sokal & Rohlf 1981; Reyment et al. 1984). 
 
The formalism to describe and measure shape and to infer its causes (morphometrics) has recently 
undergone a major shift. In fact, a new morphometric approach appeared in the beginning of the 
nineties, in particular with the report by Rohlf & Marcus (1993). The major development achieved 
by these authors was the establishment of a geometric framework for the description of shape 
derived from morphological landmarks. This new methodology is named Geometic 
Morphometrics and includes a series of techniques that describe and represent the geometry of the 
studied forms. 
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Finally, there are several examples of groups of animals where the acoustic signals, as well as the 
male genitalia, can be very helpful to test for the possible existence of reproductive isolation, like in 
some Orthoptera Tettigoniidae (Heller 2006). In fact, the male genitalia is a structure of particular 
interest since it provides useful morphological characters to discriminate species in many insects 
like the Hemiptera Cicadomorpha (e.g. Quartau 1981, 1988, 1996; Claridge et al. 1997b).  
 
Moreover, Arnqvist (1998) performed a comparative study with different insect groups, giving 
strong evidence that sexual selection may be responsible for the evolutionary elaboration of primary 
and secondary sexual characters and verified that fast divergence in male genitalia and other sexual 
characters is one of the more general evolutionary patterns in animals possessing internal 
fertilization mechanisms. 
 
Overall, the merging of studies of population divergence carried out through different approaches, 
namely at the acoustic and morphometric levels, can help to infer which isolating barriers and 
which mechanisms were involved in the speciation of a certain group, as it is the case of the present 
cicada complex of species.  
 
 
1.5 The case study of genus Cicada L.   
 
In Portugal, work on the importance of acoustic signals as taxonomic characters was already in 
progress in the last decade and revealed interesting results (e.g. Quartau et al. 1999a, 1999b, 2001a; 
Oliveira et al. 2001). However, despite the several studies performed, cicadas were in general still 
poorly known in Portugal (e.g. Boulard 1982; Quartau & Fonseca 1988; Boulard & Quartau 1991; 
Fonseca 1991; Quartau & Boulard 1995). In fact, there were species yet to be found and others 
which had been already named, but for which the acoustic signals were still poorly known or even 
unknown.  
 
Some of the best studied cicadas are those of genus Cicada L. and previous work (e.g. Quartau et al. 
1999a, 2000, 2001b; Seabra et al. 2000) clearly showed that this was a suitable model to test 
hypotheses about population divergence and thus to investigate microevolutionary processes. 
Chapter 1. General Introduction                                                                                                     15    
____________________________________________________________________________ 
 
 
Consequently, such previous results called my attention to further work on the cicadas from 
Portugal, in general, and on the genus Cicada of the Mediterranean area, in particular. 
 
This genus has a Mediterranean geographical distribution, occurring from Portugal to the Near 
East. All species have very similar ecologies, being their occurrence associated to olive trees, pine 
trees, oak trees as well as eucalyptus and also other trees and bushes (e.g. Patterson et al. 1997; 
Puissant & Sueur 2001). 
 
At the beginning of the present work, the genus Cicada was known to have six sibling species 
distributed mainly along the Mediterranean area: Cicada barbara Stål, 1866; C. cerisyi Guérin-
Méneville, 1844; C. lodosi Boulard, 1979; C. mordoganensis, Boulard, 1979; C. orni Linnaeus, 1758; and 
C. permagna Haupt, 1917. 
 
C. barbara is widely distributed in northwest Africa and southwest Europe (Argelia, Italy, Libya, 
Portugal, Sardinia, Sicily, Spain and Tunisia) (Nast 1972; Boulard 1981; Quartau & Fonseca 1988; 
Boulard 1995). C. cerisyi and C. permagna, are species of doubtful status which occurrence was  given 
to Egypt and Libya (Nast 1972; Schedl 1993) and Turkey (Boulard 1979; Boulard 1995), 
respectively. C. lodosi and C. mordoganensis are species that also occur in Turkey (Nast 1972; Boulard 
1979; Lodos & Kalkandelen 1981; Boulard 1995). Finally, C. orni is one of the most common and 
most widely distributed cicadas in Europe, occurring from Iberian Peninsula to Greece and Turkey 
(Quartau et al. 1999a), as well as in some countries in the Near East (Nast 1972) and along the 
Black sea (Popov 1975).  
 
As in other sibling species, these cicadas are very similar and in many cases are difficult to 
discriminate based on morphological characters (Quartau 1988). Even when the male genitalia is 
analysed, the similarities are so great that specific identification can be very difficult if not virtually 
impossible. However, during pair formation and courtship, males produce distinct acoustic signals 
and females are only attracted to the calls of conspecific males (e.g. Claridge 1985; Quartau 1995).  
 
Previous molecular work based on allozymes (Quartau et al. 2000, 2001b) showed genetic 
differences in some of the studied Cicada species, which had also been discriminated on the 
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grounds of their calling songs. As such, results revealed that three of the 19 studied loci were 
diagnostic for the discrimination between C. orni and C. barbara in Portugal (Quartau et al. 2000). 
However, genetic distance estimation between these pair of species was low and comparable to the 
subspecies level in other insects that have been studied, as it is the case of Drosophila (Quartau et al. 
2001b). Contrarly, mitochondrial DNA analysis revealed a high divergence between these pair os 
species. In addition, no hybridization was yet found between C. orni and C. barbara, since they do 
not share any mitochondrial haplotypes (Pinto-Juma, pers. com.). On the other hand, a smaller 
genetic diversity was found in C. barbara than in C. orni. This fact, rised the question whether that 
species might be a relatively recent immigrant in the Iberian Peninsula from north of Africa 
(Quartau et al. 2001b). 
 
Similar comparisons between C. orni and C. mordoganensis did not reveal any diagnostic loci (Seabra 
et al. 2000). In fact, a preliminary study on allozymes showed that Nei‘s distance between C. orni 
and C. mordoganensis was very small, being C. mordoganensis populations quite homogeneous. 
Therefore, these results suggest the occurrence of a bottleneck effect and that these populations 
might have been recent immigrants in the Greek islands from the Turkish mainland. Since acoustic 
signals between these species are different (Boulard 1995), it might indicate the occurrence of pre-
mating isolation with little genetic divergence. Previous data also suggested that acoustic divergence 
in these pair of Cicada species occurred quite recently (Seabra et al. 2000). 
 
In respect to acoustic data, work performed with C. orni, when comparing Portuguese and Greek 
populations, showed the existence of geographical variation in its acoustic signals (Quartau et al. 
1999a). Therefore, these results did not seem to support Paterson’s (1985) prediction that SMRSs 
show no significant variation within a species and hence calling songs are kept invariable along the 
species ranges by stabilizing selection.  
 
Consequently, the assemblage of results obtained in previous studies brought about a few 
interesting evolutionary questions that called to accomplish a larger and more thorough study on 
such issues.  
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1.6    Objectives  
 
The main general objective of the present thesis was directed to clarify a set of issues mostly at the 
levels of bioacoustics and morphometrics in selected south European cicadas, namely the structure 
of the populations, their patterns of variation, population divergence and their possible causes.  
 
Moreover, the research was focussed on the specific objectives given below: 
 
1. To update the scattered biodiversity data on the Portuguese cicadas, as well as to evaluate the use 
of the acoustic signals as taxonomic characters for species delimitation and discrimination (chapter 
2).   
2. To identify and perform a better characterization of the sibling species within the genus Cicada in 
southern Europe through the following (chapters 3-6): 
2.1 to get a better knowledge on the biogeography and on the structure of the acoustic 
signals, as well as on their patterns of variation (chapers 3 and 4); 
2.2 as a case study, to analyse the acoustic behaviour, dispersal and specific recognition in C. 
orni; (chapter 5); 
2.3 to study the morphometric divergence in order to establish discontinuities between 
populations for evidence on reproductive isolation and finally, to correlate patterns of 
variation and divergence at behavioural (acoustic) and structural (morphometric) levels 
(chapter 6); 
 
On the other hand, the choice to focus such research on the genus Cicada was performed taking 
into consideration the following: (i) previous work had already revealed the ecological, acoustic and 
evolutionary interest of  this genus; (ii) the genus is made up of a complex of sibling species, each 
with a distinct calling song, and, therefore, is a suitable model for studies on evolutionary 
divergence; (iii) the male  calling songs of the species concerned are highly informative and  easy to 
record in the field; (iv) the genus has a large geographical distribution mainly along the 
Mediterranean area, including Portugal; and, finally, (v) the populations concerned are in general 
common and their abundances are in general relatively high. 
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With respect to the sites where the populations were sampled the following was taken into  
account: (i) many localities were chosen in order to add new sites to the already known geographical 
distribution of the species; (ii) whenever possible, special interest was also given to populations near 
the periphery of the species ranges, namely to geographical isolates; (iii) emphasis was given to the 
finding out of new sites of simpatry; and, finally, (iv) particular attention was given to the Aegean 
Sea area, since it is considered as one of the most interesting hot spots of biodiversity in the 
Mediterranean, having acted as an important refuge during the ice ages (e.g. Anastasakis et al. 1990). 
 
As a result, fieldwork was conducted in southwestern and southeastern European areas, namely in 
continental Portugal, Greece and Turkey, as well as in numerous islands (e.g. Lesbos, Chios, Creta, 
Ikaria, Rhodes, Samos, etc), having some additional material from other countries (Spain, France, 
Marocco, etc) been loaned and also analysed. 
  
 
1.7  Thesis structure   
 
This thesis is structured into seven chapters. The first chapter regards the general introduction and 
is concerned with the state of the art, the main questions raised and the description of the main 
objectives. 
 
The results achieved are described and individually discussed in chapters two to six, making up a 
total of 13 scientific papers; chapter two is a revised overview of the Portuguese cicadas and of 
their ecologies and acoustic signals; chapter three gives a better characterization of the genus Cicada 
through the description of the calling songs of their species as taxonomic characters for their 
discrimination; chapter four deals with the biogeography and patterns of variation in the signal 
structure of the species involved; chapter five describes the acoustic behaviour in C. orni, giving 
particular importance to the most relevant acoustic parameters in the species recognition; chapter 
six describes the morphometric divergence and correlates it with the acoustic differentiation.  
 
Finally, in the last chapter (Genaral Discussion) a critical analysis of the most important 
achievements, as well as the subjects that were not sufficiently discussed in each separate paper, 
together with future perspectives are presented and discussed.  
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The scientific papers were included in the different chapters according to the following layout:  
 
CHAPTER 2 – PORTUGUESE CICADAS: ACOUSTIC SIGNALS AS TAXONOMIC CHARACTERS  
 2.1- Paper I  
 Quartau, J. A. & Simões, P. C. 2003. Bioacoustic and morphological differentiation in two 
allopatric species of the genus Tibicina Amyot (Hemiptera, Cicadoidea) in Portugal. Deutsch 
Entomologish Zeitschrift, 50(1), 113-119.  
 
 2.2- Paper II  
 Quartau, J. A. & Simões, P. C. 2004. First description of the acoustic signals produced by 
Euryphara contentei Boulard, 1982 (Insecta: Hemiptera, Cicadoidea) in Portugal. Arquivos do 
Museu Bocage, III(22), 563-572. 
 
 2.3- Paper  III   
 Sueur, J., Puissant, S., Simões, P. C., Seabra, S., Boulard, M. & Quartau, J. A. 2004. Cicadas 
from Portugal: revised list of species with eco-ethological data (Hemiptera: Cicadidae). Insect 
Systematics and Evolution, 35, 177-187. 
 
 
CHAPTER 3 – THE SPECIES OF CICADA L. IN SOUTHERN EUROPE 
 3.1- Paper IV   
 Simões, P. C., Boulard, M., Rebelo, M. T., Drosopoulos, S., Claridge, M. F., Morgan, J. C. & 
Quartau, J. A. 2000. Differences in the male calling songs of two species of Cicada 
(Hemiptera: Cicadoidea) in Greece. European Journal of Entomology, 97, 437-440. 
 
 3.2- Paper  V   
 Quartau, J. A. & Simões, P. C. 2005. Cicada cretensis sp. n. (Insecta: Hemiptera, Cicadidae) 
cicada from Southern Greece. Biologia, 60(5), 489-494.   
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 3.3- Paper VI   
 Quartau, J. A. & Simões, P. C. 2006. Acoustic evolutionary divergence in cicadas: the species 
of Cicada L. in southern Europe. Chapter 17. In: Insect Sounds and Communication: Physiology, 
Behaviour, Ecology and Evolution (Ed. by S. Drosopoulos & M. Claridge), pp. 227-237. Boca 
Raton: Taylor & Francis.  
 
 
CHAPTER 4 - VARIATION IN THE CALLING SONG STRUCTURE OF GENUS CICADA L. 
  4.1- Paper VII   
 Pinto-Juma, G., Simões, P. C., Seabra, S. G. & Quartau, J. A. 2005. Calling song structure 
and geographical variation in Cicada orni L. (Hemiptera: Cicadidae). Zoological Studies, 44 (1), 
81-94.  
 
 4.2- Paper VIII   
 Simões, P. C., Quartau, J. A. & Boulard, M. 2006. On the taxonomic status of Cicada orni 
Linnaeus (Insecta: Hemiptera, Cicadidae) from Lesbos island in Greece. Zootaxa, 1105, 17-25.  
 
 4.3- Paper IX   
 Simões, P. C. & Quartau, J. A. 2008. Distribution patterns and calling song variation in 
species of the genus Cicada Linnaeus, 1758 (Hemiptera, Cicadidae) in the Aegean Sea area. 
Italian Journal of Zoology, 75(2), 135-146. 
  
 
CHAPTER 5  - ACOUSTIC BEHAVIOUR, DISPERSAL AND SPECIFIC RECOGNITION IN C. ORNI L. 
 5.1- Paper X   
 Simões, P. C. & Quartau, J. A. 2006. Selective responsiveness in males of Cicada orni to 
conspecific and allospecific calling songs (Hemiptera: Cicadidae). Entomologia Generalis, 29(1), 
47-60. 
 
 5.2- Paper XI   
 Simões, P. C. & Quartau, J. A. 2007. On the dispersal of Cicada orni in Portugal (Hemiptera: 
Cicadidae). Entomologia Generalis, 30(3), 245-252. 
Chapter 1. General Introduction                                                                                                     21    
____________________________________________________________________________ 
 
 
 
CHAPTER 6  - MORPHOMETRIC VARIATION IN THE SPECIES OF GENUS CICADA L. 
 6.1- Paper XII           
 Simões, P. C. & Quartau, J. A. Patterns of morphometric variation among species of genus 
Cicada L. (Hemiptera, Cicadidae) in the Mediterranean area (submitted). 
  
 6.2- Paper XIII          
 Simões, P. C. & Quartau, J. A. Wing shape variation in genus Cicada L. (Hemiptera: 
Cicadidae) in Mediterranean area: a landmark based geometric morphometric analysis 
(submitted). 
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Patterns of morphometric variation among species of genus Cicada L. (Hemiptera, 
Cicadidae) in the Mediterranean area 
 
P. C. SIMÕES1 & J. A. QUARTAU1  
1 Centro de Biologia Ambiental/Departamento de Biologia Animal, Bloco C2, 3º Piso, Faculdade 
de Ciências de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal. 
 
Abstract 
 
Selected populations of five closely related species of genus Cicada L. were collected mainly in the 
Portuguese, Greek and Turkish mainlands, as well as on several Aegean islands. Ten morphometric 
traits of external structures and eight from the male genitalia were analysed and the results offered 
patterns of morphometric variation for each species. Only C. lodosi was always completely 
discriminated for both character sets, as well as C. barbara for the male genitalia analysis, resulting 
overlapping among clusters of the remaining species. Body length, for the external morphological 
structures, and measurements of the male pygophore, for the male genitalia, appeared as the most 
important variables allowing the discrimination of C. lodosi and C. barbara. The present 
morphometric analyses revealed that divergence in morphology is much less pronounced than the 
divergence in acoustic signals and DNA. Thus, the congruence between morphological divergence, 
namely at the level of the external structures, and either the behavioural (acoustic) or the genetic 
divergence is quite low. 
 
Key words: Hemiptera - Cicada – morphology - morphometry – Portugal - Greece - Turkey. 
 
Introduction 
 
Cicadas are Hemipteran insects usually recognised by the ability of males to produce loud airborne 
acoustic signals during pair formation and courtship (e.g. Claridge 1985; Boulard and Mondon 
1995; Quartau 1995). Females are only attracted to the calls of the conspecific males thus, cicada 
acoustic signals are typically species specific (e.g. Claridge 1985; Quartau et al. 1999) and can be 
used as taxonomic characters for the separation of most cicada species.  
In practice it is usually not possible to have live specimens and thus difficulties may arise in 
the identification of cicadas. On the other hand, in many instances, like in the genus Cicada L., 
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where species have in general quite different male calls, it is difficult to separate specimens on the 
grounds of their morphology alone, since such cicadas form a complex of sibling species looking 
very similar on the grounds of the external morphology and even at the level of the male genitalia 
(Quartau 1988; Simões et al. 2000; Quartau and Simões 2006). A few differences in structure and 
colour are found, however, especially when large series of specimens are analysed. 
Five species occurring mainly in the Portuguese, Greek and Turkish mainland, as well as on 
several Aegean islands, are here analysed: C. barbara (including its two known subspecies), C. 
cretensis, C. lodosi, C. mordoganensis and C. orni.  
The objective of the present paper is to use a set of selected measurements of structures 
of the external morphology and of the male genitalia in order to identify and quantify subtle 
differentiation between this complex of five species and to find out indications of the possible 
existence of reproductive isolation (e.g. Claridge et al. 1997; Simon 1992) by enlarging 
considerably the species sample used previously by Quartau (1988) which dealed with C. orni and 
C. barbara only. In particular, it will be tested whether phenetic (morphological) divergence 
correlates with the acoustic and the genetic data already available (Quartau et al. 2000; 2001; 
Seabra et al 2000; Simões et al. 2000; Quartau and Simões 2006).  
 
Material and methods 
 
Males of the Cicada species were identified in the field by their calling songs, located and collected 
during the summers from 1996 to 2006 in the Mediterranean area. Selected populations from the 
mainland as well as from several islands were analysed (Fig. 1; Table 1) making a total of five 
species: C. barbara, C. cretensis, C. lodosi, C. mordoganensis and C. orni.  
 
Based on previous results (e.g. Quartau and Simões 2006), two main areas were 
considered: the first is located in the western part of the Mediterranean area (Iberian Peninsula 
and north-western Africa), where C. barbara and C. orni coexist.   The second encompasses a 
larger assemblage of closely related species - C. cretensis, C. lodosi, C. orni and C. mordoganensis - and 
is located in the eastern part of the Mediterranean basin mainly in the Balkans, the Aegean islands 
and the Turkish mainland. Cicada permagna and C. cerisyi, two nominal species of doubtful affinities 
referred to Turkey, and Egypt together with Libya, respectively, were not considered. With a view 
to analyse patterns of morphometric variation, a total of 316 males of the species referred to 
before (Table 1) were subjected to analysis of the 10 measurements listed in Table 2.  
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Fig. 1 - Sampling localities for the Cicada species analysed (for abbreviations see table 1 
and 3). 
 
These measurements were made at the level of the external morphology (head and thorax including 
wings, as well as tymbals). In addition, a submatrix of 48 specimens was also subjected to a 
morphometric analysis of eight traits of the male genitalia   (Tables 3 and 4).  This is a special level 
of great interest, since some structures of the male genitalia are thought as having useful 
phylogenetic information (e.g. Quartau 1988; Claridge et al. 1997).  
 
Table 4 and Fig. 2 register the eight male genitalia traits studied. Body length and wing 
measurements were taken to the nearest 0.5 mm through a ruler. All remaining measurements were 
made using a Wild M5 binocular microscope fitted with an ocular micrometer. Except in cases of 
damaged specimens, all measurements were taken on the left side. Each trait was measured twice 
and measurements were then averaged. 
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Table 1 - Number of specimens for each Cicada species selected for the external morphology 
analysis, with abbreviations of the names of the sampling localities (Abbrev.). 
Locality 
Abbrev. Cicada 
barbara 
barbara 
Cicada 
barbara 
lusitanica 
Cicada 
cretensis Cicada  
lodosi 
Cicada 
mordoganensis 
Cicada 
orni 
ALGERIA (Ziana) Alg 2      
CYPRUS Cyp      5 
PORTUGAL        
Monforte (Alto Alentejo) Monf      1 
Sousel (Alto Alentejo) Sou  6    15 
Crato (Alto Alentejo) Crato  3    1 
Portel (Alto Alentejo) Port      1 
Lisboa (Estremadura) Lis      1 
Piedade (Arrábida, Estremadura) Pied      1 
Monte-da-Caparica (Estremadura) MteC      11 
S. Julião-do-Tojal (Estremadura) Toj      15 
SPAIN        
Seville (Andalusia) Sev  1     
Ceuta  Ceu  3     
FRANCE 
       
Molitg-les-Bains (Languedoc-Roussillon) Mol      2 
St Hippolyte (Languedoc-Roussillon) StH      10 
Narbonne (Languedoc-Roussillon) Narb      6 
GREECE        
ITEA (ATHIKA) Itea      18 
SKALA (ATHIKA) Skala      1 
EVIA (ATHIKA) Evia      9 
ATHENS (ATHIKA) Ate      6 
PARALIO (PELOPONNESE) Paral      12 
NEAPOLIS (PELOPONNESE) Neap      16 
Skyros (Sporades) Sky      14 
Naxos (Cyclades) Nax      14 
Andros (Cyclades) And      9 
Lesbos (Northeastern Aegean sea) Les      8 
Kos (Dodecanese) Kos     14  
Rhodes (Dodecanese) Rho     2  
Chios (North Aegean sea) Chi     1  
Ikaria (eastern Aegean sea) Ika     11  
Samos (Eastern Aegean sea) Sam     7  
Crete (Southern Aegean sea) Crete   28    
Karpathos (Dodecanese) Karp   4    
Kithira (Ionian) Kith   19    
MAROCCO (Fés) Fés 5      
TURKEY        
Assos (Ayvacyk) Assos      2 
Alanya (Antalya) Alan    1   
Gundogmus (Antalya) Gond    1   
Koycegiz (Mugla) Koyc    1 8  
Gordes (Manisa) Gord    2   
Antalya (Antalya) Ant     3  
Milas (Mugla) Mil     3  
Didim (Aydim) Did     9  
Ephesus (Izmir) Eph     4  
TOTAL 316  
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Univariate analyses were conducted estimating means and standard deviation, minimum 
and maximum values. Nonparametric tests of Kruskal-Wallis (KW) were used to compare several 
independent samples for each trait, as well as two-sample comparisons using nonparametric 
Mann-Whitney U (MW) tests with a significance level of p<0.05 (Dytham 2003).  
 
Table 2 – List of measurements (external morphology). 
Trait Definition 
1 – Body length Overall body length from tip of the head until the end of the wings in  
     position of rest  
2 – Forewing length  Distance from base of left forewing articulation to tip of wing  
3 – Forewing width  Greatest width of left forewing  
4 – Head width Maximum head width measured between exterior eye margins  
5 – Pronote width  Maximum width of pronotal collar  
6 – Front length Length of the front measured along the dorsal median line  
7 – Antenna-eye distance  Distance between the base of the left antenna and the left ocular suture  
8 – Rostrum Length of rostrum  
9 – Tymbal length  Overall length of left tymbal  
10 – Tymbal width Greatest width of left tymbal  
 
Multivariate analysis was carried out with a Discriminant Function Analysis (DFA), in order 
to establish statistical significant discriminant functions that might separate groups, followed by a 
canonical analysis to find out how each of the discriminant functions contributed to the 
discrimination between groups. R-type principal component analysis (PCA) was also performed on 
the male genitalia data. The Kaiser criterion was used to retain only components with eigenvalues 
higher than one. 
 Statistical procedures were performed using Statistica 8.0 software (Statistica 2007). 
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Table 3 - Number of specimens for each Cicada species selected for the male genitalia analysis, with 
abbreviations of the names of the sampling localities (Abbrev.). 
Locality 
Abbrev. Cicada 
barbara 
barbara 
Cicada 
barbara 
lusitanica 
Cicada 
cretensis Cicada  
lodosi 
Cicada 
mordoganensis 
Cicada 
orni 
PORTUGAL        
Monforte (Alto Alentejo) Monf      3 
Crato (Alto Alentejo) Crato  3     
Alcalar (Alarve) Alc  3     
Tomar (Estremadura) Tom      3 
SPAIN        
Ceuta  Ceu  3     
GREECE        
ATHENS (ATHIKA) Ate      3 
Skyros (Sporades) Sky      3 
Lesbos (Northeastern Aegean sea) Les      3 
Kos (Dodecanese) Kos     3  
Rhodes (Dodecanese) Rho     3  
Samos (Eastern Aegean sea) Sam     3  
Crete (Southern Aegean sea) Crete   3    
Kithira (Ionian) Kith   3    
MAROCCO (Fés) Fés 3      
TURKEY        
Gondogmus (Antalya) Gond    1   
Gordes (Manisa) Gord    2   
Milas (Mugla) Mil     1  
Didim (Aydim) Did     2  
TOTAL 48  
 
 
Results  
 
The present paper gives a comparative morphometric analysis of selected populations within five 
closely related species of the genus Cicada L. in the Mediterranean area. As referred to before, a 
total of 316 males were analysed. Figs. 3 and 5 and Tables 5 and Table 11 give a summary of the 
descriptive statistics of all morphometric features.  
 
            External morphological traits 
As expected, C. lodosi proved to be the biggest species (male body length: 48-51 mm) and this for  
all the morphometric  features  studied (cf. Fig. 3 and Table 5).  In contrast with C. lodosi, C. orni 
and C. barbara are the species with the smallest specimens for most of the variables (cf. Table 5). 
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Table 4 – List of measurements (male genitalia).  
Trait     Definition 
 
11 – Pygophore length without spine Length of pygophore from the anterior side to the base of 
the small apical spine in left lateral view 
12 – Overall pygophore length  Overall length of pygophore in left lateral view  
13 – Pygophore posterior length  Length of dorsal posterior side of pygophore 
14 – 10th abdominal segment length Overall length of 10th abdominal segment in left lateral 
view  
15 – Pygophore width Maximum width of pygophore in left lateral view   
16 – Aedeagus length  Overall length of aedeagus  
17 – Aedeagus apodeme length  Length of basal apodeme of aedeagus  
18 – Pygophore spine length Length of pygophore apical spine in left lateral view  
    (Trait 12  -  Trait 11) 
 
In addition, C. orni and C. mordoganensis are the species with a comparatively greater morphometric 
variation (Fig. 3), what can also be related to the fact that these were the species with the larger 
samples.  
 
Fig. 2 - Measurements performed on the male genitalia of the selected species of Cicada (illustrated 
C. cretensis) in left lateral view (for description of variables see Table 4). Scale = 0.05 mm. 
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Fig. 3 – Box and whisker plots comparing the 10 measurements (external morphology) for each of 
the Cicada species.   
 
Nonparametric Kruskal-Wallis tests showed that all variables have significant differences among 
species (p>0.05).  
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Table 5 – Descriptive statistics for the 10 measurements of the external morphology (in mm). 
 
 C. barbara lusitanica (N=13) C. barbara barbara (N=7) 
 
C. cretensis (N=51) 
 
C. lodosi (N=5) C. mordoganensis (N=62) 
 
C. orni (N=178) 
 
Trait  Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. 
Body length 39.9 38.0 42.0 1.3 38.9 38.5 39.0 0.2 41.8 37.0 46.0 2.0 49.2 48.0 51.0 1.3 42.1 35.5 46.0 2.2 38.9 32.0 46.0 2.4 
Forewing length 32.9 31.5 35.0 1.2 31.9 31.5 32.0 0.2 34.1 31.0 37.0 1.5 39.4 38.0 41.0 1.5 34.4 29.5 38.0 1.8 31.7 22.0 39.0 2.2 
Forewing width 11.1 10.0 12.0 0.5 10.4 9.0 11.0 0.8 11.0 9.0 12.0 0.7 12.3 12.0 13.0 0.4 11.2 9.5 13.0 0.7 10.6 8.5 12.0 0.8 
Head width 9.1 8.3 9.4 0.3 8.9 8.7 9.0 0.1 8.7 7.8 9.6 0.4 9.4 8.9 9.7 0.3 8.6 4.1 10.1 0.7 8.4 7.3 9.5 0.5 
Pronote width 9.9 9.2 10.4 0.5 9.7 9.3 10.2 0.3 10.1 8.8 11.3 0.5 10.8 10.0 11.1 0.4 9.9 8.1 11.0 0.6 9.5 7.7 10.8 0.6 
Front length 1.2 1.1 1.5 0.1 1.1 1.1 1.3 0.1 1.2 0.9 1.5 0.1 1.5 1.5 1.6 0.1 1.1 0.8 1.3 0.1 1.1 0.8 1.4 0.1 
Antenna-eye distance 1.3 1.2 1.4 0.1 1.2 1.2 1.3 0.0 1.2 1.0 1.3 0.1 1.2 1.1 1.4 0.1 1.2 1.0 1.4 0.1 1.2 1.0 1.4 0.1 
Rostrum 9.1 8.5 9.6 0.4 8.5 8.2 9.0 0.2 9.4 8.4 10.4 0.4 11.0 10.6 11.4 0.3 10.0 8.0 11.1 0.6 9.2 6.3 10.4 0.6 
Tymbal length 4.5 3.9 4.8 0.3 4.7 4.6 4.9 0.1 5.0 3.2 5.7 0.4 5.3 5.2 5.5 0.2 4.9 4.2 5.4 0.3 4.8 4.0 5.4 0.3 
Tymbal width 2.5 2.2 2.7 0.1 2.4 2.3 2.6 0.1 2.5 2.3 2.9 0.1 2.7 2.6 2.7 0.1 2.5 2.1 2.7 0.1 2.4 2.0 3.3 0.2 
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In fact, results from Mann-Whitney U tests, when applied to comparing C. lodosi with the 
remaining species, showed differences for all morphometric traits with the exception of the 
antenna-eye distance (p<0.05). Concerning C. orni, it showed differences from C. cretensis for all 
traits except in the length of rostrum. When compared with C. mordoganensis, it differed in every trait 
except in front length and the tymbal width. It showed less significant differences when compared 
with C. barbara (differences found in head width, pronote width, front length, antenna-eye distance, 
length of rostrum and tymbal length). Likewise C. mordoganensis showed differences in only some 
traits when compared with C. cretensis (forewing width, pronote width, front length, length of 
rostrum and tymbal width). 
When comparing specimens from different geographical areas (Portugal, France, Greece, 
Turkey and Cyprus), males of C. orni differed for most pairs of areas (MW tests, p<0.05). However, 
the eastern Mediterranean populations studied (from Cyprus, Turkey and Greece) were more 
homogeneous. In fact, the sample from Greece when compared with that of Cyprus revealed 
differences only in the tymbal width, while the Turkish specimens did not show any significant 
differences when compared with the Greek and the Cypriot ones. On the contrary, French 
specimens had more morphometric differences when compared with those of other areas. Portugal 
was the geographical area with more significant differences when compared to others, particularly 
with the Greek specimens (differences in all morphometric traits except forewing width and 
antenna-eye distance).  
Discriminant function analysis conducted on the ten morphometric traits for the species 
studied disclosed most traits to be statistically significant (exception to forewing length and 
tymbal width) (Table 6). Body length, front length and length of rostrum were the ones 
presenting the lowest values of partial Wilks’ lambda (0.819, 0.817 and 0.681 respectively), 
therefore being those that best discriminated between groups (Table 6). Classification functions 
were significant for C. lodosi (p=0.016), C. barbara barbara (p=0.022) and C. barbara lusitanica 
(p=0.041) (Table 7).  
As such, C. lodosi was clustered mainly on the basis of its body length, while rostrum, head 
width and body length were the most important traits for the clustering of the two subspecies of 
C. barbara. 
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Table 6 –     Summary of the Discriminant  Function  Analysis performed on the 10 measurements 
(external morphology) (Wilks' Lambda= 0.15973, F (50.1376)=13.626 p<0.0001). 
Trait 
Wilks' Partial F-
remove 
p-level Toler. 1-Toler. 
Body length 0.195 0.819 13.273 0.000 0.166 0.834 
Forewing length 0.166 0.965 2.183 0.056 0.240 0.760 
Forewing width 0.182 0.878 8.371 0.000 0.329 0.671 
Head width 0.179 0.891 7.402 0.000 0.367 0.633 
Pronote width 0.172 0.928 4.680 0.000 0.262 0.738 
Front length 0.196 0.817 13.487 0.000 0.857 0.143 
Antenna-eye 
distance 
0.181 0.881 8.161 0.000 0.600 0.400 
Rostrum 0.234 0.681 28.171 0.000 0.509 0.491 
Tymbal length 0.183 0.875 8.605 0.000 0.560 0.440 
Tymbal width 0.162 0.988 0.760 0.580 0.627 0.373 
 
 
Classification allowed for 81% of total correct attributions (Table 8). All C. lodosi 
specimens were correctly attributed. The remaining species had partial percentages of  88% for C. 
orni, 76% for C. mordoganensis, 68% for C. cretensis, 69% for C. barbara lusitanica and 43% for C. 
barbara barbara. 
 
Table 7 – Classification functions of the discriminant analysis conducted on the 10 measurements 
(external morphology). 
Trait 
C.barbara 
lusitanica 
C.barbara 
barbara 
C.cretensis C.lodosi C.mordoganensis C.orni 
 p=0.04114 p=0.02215 p=0.14873 p=0.01582 p=0.19620 p=0.57595 
Body length -2.634 -2.347 1.573 11.825 2.095 -1.166 
Forewing length 0.739 0.910 0.977 0.174 0.380 -0.474 
Forewing width 1.336 -0.596 -1.523 -3.698 -0.413 0.563 
Head width 2.427 2.582 -0.705 -1.025 -0.831 0.221 
Pronote width 0.245 0.626 1.126 -3.286 -0.723 0.004 
Front length 0.592 0.427 0.890 4.105 -0.455 -0.246 
Antenna-eye 
distance 
2.018 1.770 -0.421 -2.796 -0.511 0.148 
Rostrum -2.423 -4.231 -1.092 3.057 2.113 -0.186 
Tymbal length -2.464 -0.150 0.359 0.084 -0.395 0.221 
Tymbal width -0.014 0.050 0.345 -0.332 -0.238 0.000 
Constant -8.009 -8.536 -3.239 -24.984 -3.186 -0.846 
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Table 8 – Classification matrix of the discriminant analysis conducted on the 10 measurements 
(external morphology). Rows: observed classifications. Columns: predicted classifications. 
 
Percent C.barbara 
lusitanica 
C.barbara 
barbara 
C.cretensis C.lodosi C.mordoganensis C.orni 
C.barbara lusitanica 69.231 9.000 1.000 0.000 0.000 0.000 3.000 
C.barbara barbara 42.857 2.000 3.000 1.000 0.000 0.000 1.000 
C.cretensis 68.085 1.000 0.000 32.000 0.000 3.000 11.000 
C.lodosi 100.000 0.000 0.000 0.000 5.000 0.000 0.000 
C.mordoganensis 75.806 0.000 0.000 1.000 0.000 47.000 14.000 
C.orni 88.462 3.000 1.000 6.000 0.000 11.000 161.000 
Total 81.329 15.000 5.000 40.000 5.000 61.000 190.000 
 
Subsequent canonical analysis gave first and second roots with eigenvalues of 1.58 and of 
0.66 respectively (Table 9). Again, root 1 and 2 were mainly marked by negative coefficients for 
body length (-1.3) and rostrum (-0.951), respectively.  
 
Table 9 – Standardized coefficients for canonical variables based on discriminant functions of the 
10 measurements (external morphology). 
 Root 1 Root 2 Root 3 Root 4 Root 5 
Body length -1.300 0.255 -0.053 0.439 0.666 
Forewing length -0.173 0.351 0.160 -0.891 0.092 
Forewing width 0.561 -0.502 0.446 0.444 -0.840 
Head width 0.477 0.310 0.583 0.530 0.911 
Pronote width 0.248 0.366 -0.502 -1.065 -1.030 
Front length -0.220 0.602 -0.081 0.633 -0.244 
Antenna-eye 
distance 
0.457 0.164 0.478 -0.271 0.244 
Rostrum -0.626 -0.951 0.270 0.309 -0.193 
Tymbal length -0.016 -0.110 -0.952 0.228 0.516 
Tymbal width 0.036 0.133 -0.183 -0.141 -0.348 
Eigenvalue 1.580 0.664 0.298 0.101 0.021 
Cum. Prop. 0.593 0.842 0.954 0.992 1.000 
 
 
Root 1 discriminated mainly C. lodosi from all the remaining species, while root 2 was not 
particularly helpful in discriminating any species (Fig. 4, Table 10). 
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Fig. 4 – Scatterplot of results from canonical analysis based on discriminant functions of the 10 
measurements (external morphology) for the Cicada species analysed (316 OTUs). 
 
Concerning most species, however, there were no clear-cut clusters, in spite of being 
present some clear trends in variation. C. barbara specimens appeared on the up-right quadrant 
nearly apart from all other species. There is a small overlap with some C. orni specimens 
(identified as from Portel, Molitg and Narbonne and not shown). On the other hand, most 
specimens of C. cretensis form a uniform cluster partially overlapping, however, with C. orni and C. 
mordoganensis.  
 
Table 10 – Means of canonical variables based on discriminant functions of the 10 measurements 
(external morphology). 
 Root 1 Root 2 Root 3 Root 4 Root 5 
C.barbara lusitanica 1.650 1.620 2.055 0.006 -0.251 
C.barbara barbara 2.103 2.046 0.262 -0.275 0.837 
C.cretensis 0.829 1.211 -0.616 -0.349 0.101 
C.lodosi -5.887 1.907 0.303 1.807 0.142 
C.mordoganensis -1.470 -0.807 0.468 -0.280 0.058 
C.orni 0.678 -0.285 -0.165 0.146 -0.012 
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 C. mordoganensis and C. orni, tended to cluster separately, overlapping in the middle. 
Noteworthy is that specimens of C. mordoganensis, identified from Turkey (not shown in Fig. 4), 
form a quite homogeneous group with minor overlapping with the remaining species. 
Contrarily, males of C. orni from the several studied localities in western and south-eastern 
Europe clustered as a quite heterogeneous group (not shown in Fig. 4), with the French males 
forming a more or less consistent group of specimens appearing more apart from those of C. 
cretensis and C. mordoganensis, but closer to those of C. barbara (not represented). 
 
Male genitalia 
Concerning the male genitalia analysis, Figure 5 and Table 11 show a comparison of the different 
studied traits for each of the species investigated. C. barbara specimens show lower values for the 
majority of the variables considered. In contrast, males of C. lodosi put in evidence higher values 
for the variables studied with the exception of the length of the pygophore spine. The remaining 
three species have specimens with much more similar values.  
Nonparametric Kruskal-Wallis tests exposed significant differences among species for all 
variables with the exception of aedeagus length (p > 0.05). In addition, MW tests (p < 0.05) showed 
that most species had significant differences in the pygophore dimension related variables. 
Nonetheless, C. barbara barbara and C. barbara lusitanica did not reveal any significant differences 
except for the aedeagus apodeme length. 
Results of the principal component analysis are shown in Fig. 6. The first two 
components accounted for 77.89% of the total variation and more than half (65.32%) of the 
variation in the study was explained by the 1st component. When plotting components 1 and 2, it 
can be noticed a general partition of the distribution of most species along the 1st axis. C. lodosi 
forms a clearly separated cluster on the upper left quadrant, similarly to what happened with the 
two subspecies of C. barbara but these in relation to the right quandrants (Fig. 6). The plotting 
gave some separation of C. cretensis and C. orni, with C. mordoganensis overlapping considerably.   
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Fig. 5 - Box and whisker plots comparing the eight male genitalia measurements for 
each of the Cicada species.
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Table 11 – Descriptive statistics for the eight male genitalia measurements (in mm). 
 
 
 C. barbara lusitanica (N=3) C. barbara barbara (N=9) 
 
C. cretensis (N=6) 
 
C. lodosi (N=5) C. mordoganensis (N=12) 
 
C. orni (N=15) 
 
Trait  Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. Mean Min Max S. Dev. 
Pygophore lenght without spine 3.1 2.9 3.5 0.2 2.8 2.7 2.9 0.1 4.1 3.8 4.3 0.2 4.6 4.6 4.6 0.0 3.8 2.8 4.1 0.3 3.7 3.3 4.0 0.2 
Overall pygophore lenght 3.2 3.0 3.7 0.2 3.0 2.9 3.0 0.1 4.5 4.2 4.7 0.2 4.8 4.8 4.9 0.1 4.1 3.4 4.4 0.3 4.0 3.6 4.4 0.3 
Pygophore posterior lenght 1.6 1.3 1.9 0.2 1.7 1.5 1.8 0.2 2.3 2.1 2.3 0.1 2.4 2.2 2.6 0.2 2.1 1.9 2.3 0.1 2.0 1.8 2.2 0.1 
10th abdomonal segment lenght 2.1 1.9 2.3 0.1 1.9 1.9 2.0 0.1 3.0 2.9 3.1 0.1 3.1 2.8 3.4 0.3 2.6 2.4 2.8 0.1 2.8 2.4 3.1 0.2 
Pygophore width 2.0 1.9 2.0 0.1 1.8 1.7 2.0 0.2 2.5 2.3 2.8 0.2 2.8 2.7 2.9 0.1 2.3 1.9 2.7 0.3 2.2 1.9 2.5 0.1 
aedeagus lenght 3.3 2.7 3.6 0.4 3.2 2.6 3.6 0.5 3.4 3.2 3.5 0.1 4.0 3.5 4.8 0.7 3.3 3.2 3.4 0.1 3.5 3.0 3.9 0.2 
Aedeagus apodeme length 0.6 0.5 0.7 0.1 0.5 0.4 0.5 0.1 0.7 0.6 0.7 0.0 0.8 0.7 0.9 0.1 0.6 0.6 0.7 0.0 0.7 0.6 0.9 0.1 
Pygophore spine length 0.1 0.0 0.3 0.1 0.1 0.1 0.2 0.1 0.4 0.4 0.6 0.1 0.3 0.2 0.4 0.1 0.4 0.2 0.6 0.1 0.3 0.2 0.6 0.1 
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Factor loadings were considerably high (Table 12) for the majority of the variables and 
considering that component 1 had the highest loadings for most of pygophore related traits, this 
was the structure which contributed most to the discrimination among the Cicada species studied. 
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Fig. 6 - Bidimensional diagrams of relationships between Cicada specimens (48 OTUs) of the 
principal component analysis based on a correlation matrix between eight male genitalia 
measurements. 
 
 
Discussion  
 
Previous traditional work based on external morphology has shown that it is possible to 
recognise some general trends in each of the Cicada species, however being the overlapping 
considerable. Thus, when considering specimens alone it might be difficult to make a correct 
identification (e.g. Quartau and Simões 2006). Our previous experience showed that 
discrimination was particularly difficult for C. orni, C. cretensis and C. mordoganensis.  
The present results also support this former impression based on intuitive analyses 
(Quartau and Simões 2006). In fact, all species showed a typical pattern of morphometric 
variation. However, with the exception of C. lodosi, the analyses based on traits of the external 
morphology did not completely discriminate any other species or populations, with a general 
overlapping among species being the rule. Body length, representing a general size factor, 
appeared as the most important morphometric trait allowing some discrimination and 
classification, namely for C. lodosi, the biggest species. Moreover, C. barbara barbara and C. barbara 
lusitanica were also fairly well discriminated on the bases of their body and rostrum lengths.  
      
 
194                                           Chapter 6. Morphometric variation in the species of genus Cicada  L. 
_____________________________________________________________________________
 
Table 12 - Factor loadings of the principal component analysis (PCA) based on a correlation matrix 
between the eight male genitalia measurements for the selected Cicada specimens (48 OTUs). 
 
Component 
1 
Component 
2 
 
Pygophore length without spine 
 
-0.953 0.112 
Overall pygophore length -0.980 -0.042 
   
Pygophore posterior length 
 
-0.897 -0.216 
10th abdominal segment length -0.940 0.030 
   
Pygophore width 
 
-0.856 0.090 
Aedeagus length 
 
-0.415 0.791 
Aedeagus apodeme length 
 
-0.610 0.068 
Pygophore spine length 
 
-0.626 -0.552 
 
 
The analysis based on male genitalia traits discriminated better than the one based on 
external morphology alone. In fact it gave a good separation of both C. lodosi and C. barbara and 
to a lesser extent of C. cretensis.  Pygophore proved to be the structure which contributed most to 
such discrimination. 
             It should be noted that C. lodosi and C. barbara have continuous calling songs while in the 
other species the calling songs present a discontinuous pattern consisting in echemes of different 
duration, separated by silent intervals. In fact, the species now showing greater morphological 
divergence (C. lodosi and C. barbara) are the ones presenting also greater acoustic and genetic 
divergences (Quartau et al. 2000; 2001; Quartau and Simões 2006). Therefore, the present data are 
in some agreement with those obtained from acoustic and genetic analyses. 
On the other hand, the pronounced morphometric divergence found between the 
populations of C. orni from the eastern and the western Mediterranean (not shown in Fig. 4) 
correlates with previous acoustic data (Pinto-Juma et al. 2005).  
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Therefore, the present results clearly corroborate previous studies (Quartau and Simões 
2006) showing that in this complex of species, the acoustic divergence observed in the calling 
songs was attained with low levels of morphological differentiation especially at the level of the 
external morphology.  It is interesting to note that this trend is not general for cicadas. For 
instance, in the case of the genus Tibicina, conspicuous morphological divergence was attained 
with very subtle acoustic differentiation (Quartau and Simões 2003).  
Hence, in genus Cicada the calling song may have its main role in long range attraction as 
well as in short range communication, acting as an SMRS (Paterson 1985), as previous data 
suggested. This is possibly the reason why in these cicadas the divergence in morphology is less 
pronounced than the divergence in acoustic signals, the latter being greater in sympatric species. 
In fact, C. lodosi can be found in simpatry with C. mordoganensis, while C. barbara lusitanica can 
either be found in allopatry or in sympatry with C. orni (Sueur et al. 2004; Quartau and Simões 
2006).   On the other hand, no simpatry among C. orni, C. mordoganensis and C. cretensis, the three 
mostly similar and closely related species, was yet found. Furthermore, no character displacement 
in acoustic characters between sympatric species was also ever found (Seabra et al. 2008). 
Summing up, the present morphometric analyses revealed that divergence in morphology is 
much less pronounced that the divergence in acoustic signals and DNA. Thus, the congruence 
between morphological divergence, namely at the level of the external structures, and either the 
behavioural (acoustic) or the genetic divergence is quite low. 
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Mediterranean area: a landmark based geometric morphometric analysis (submitted). 
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Wing shape variation in genus Cicada L. (Hemiptera: Cicadidae) in the Mediterranean 
area:  a landmark based geometric morphometric analysis 
 
P. C. SIMÕES1 & J. A. QUARTAU1  
1 Centro de Biologia Ambiental/Departamento de Biologia Animal, Bloco C2, 3º Piso, Faculdade 
de Ciências de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal. 
 
Abstract 
 
Field-work was conducted in Portugal and in the Greek and Turkish mainlands, as well as 
on several Aegean islands, to collect selected species and populations of genus Cicada L. The wing 
shape of the selected species was analysed by landmark based geometric morphometrics. Relative 
warps were computed to visualize the most typical changes in the form of the wing.  The 
methodology did not find any major gaps in wing morphology allowing clear species or 
subspecies distinction, but allowed the identification of tendencies in shape change of the wings. 
C. barbara was the species revealing a general expansion in wing width. By contrast, C. lodosi 
specimens showed narrower wings, the remaining species revealing to be much more similar in 
this respect. Wing morphology does not seem to reflect the geographic origin of the samples and 
its variation is probably not directly related to the speciation process in this cicada group of 
species. Instead it would be mainly caused by adaptation of species and populations to 
environmental conditions and/or by some random factors.   
 
Key words: Hemiptera - Cicada – geometric morphometrics - morphometry – landmark – phin 
plate spline – wings. 
 
 
Introduction 
 
Cicadas are Hemipteran insects usually recognised by the ability of males to produce loud airborne 
acoustic signals during pair formation and courtship whereby the females are only attracted to the 
calls of the conspecific males (e.g. Claridge 1985; Boulard and Mondon 1995; Quartau 1995). 
These acoustic signals are thought to act as specific mate recognition systems (SMRSs) that ensure 
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the mating of conspecifics, resulting in reproductive isolation and genetic divergence (e.g. Paterson 
1985; Claridge 1985, 1995; Quartau and Rebelo 1994; Quartau 1995). 
 The genus Cicada L. involves a complex of closely related species, easily distinguished by the 
acoustic signals produced by males, and which have undergone speciation in the absence of 
conspicuous divergence of the external morphology and even of the male genitalia (Quartau and 
Simões 2006). 
       Field-work has been conducted in Portugal and in the Greek and Turkish mainlands, as well as 
on several Aegean islands during the last decade and through which the following five species of 
genus Cicada have been collected: Cicada barbara, C. cretensis, C. lodosi, C. mordoganensis and C. orni.  
       Previous analyses have shown that divergence was much higher at the level of acoustics and 
DNA, than at the morphological level (Quartau et al. 2000, 2001; Pinto-Juma et al. 2005; Quartau 
and Simões 2006; Simões and Quartau submitted). At this last level, general size proved to be the 
main discrimination factor among this group of cicadas (Simões and Quartau submitted). 
In the present study specific and geographical variation in the shape of wings of this 
complex of species was investigated through the application of landmark based geometric 
morphometrics (Bookstein 1991; Rohlf and Marcus 1993). These methods, which have become a 
standard statistical technique during the last decade, separate the shape component of 
morphological variation from its size component and capture shape information provided by 
landmark coordinates through a relatively small number of variables. 
Insect wings are rigid and complex articulated structures, hence they have became very 
useful tools for geometric morphometrics (Pavlinov 2001). Still being a debatable issue, insect 
wings appear to have evolved only once, and all insect wing-venation would have thus derived from 
a single ancestral pattern (e.g. Boudreaux 1979; Hennig 1981; Quartau 1986; Kristensen 1997). 
Therefore, comparisons of venation patterns are relevant to systematics and evolutionary biology, 
namely at the higher taxonomic levels. However, morphometric analysis of insect wings has also 
been used to distinguish the relationships between closely related taxa and even within species. For 
example, Simon (1983; 1992) found that wing morphology differed among broods of 13- and 17- 
year cicadas.  
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Material and methods 
  
Males of the cicada species were identified in the field by their calling songs, located and collected 
during the summers from 1996 to 2006 in the Mediterranean area. Selected populations from the 
mainland as well as from several islands were analysed (Fig. 1; Table 1). 
 
Fig. 1 - Map showing sampling localities for the Cicada species investigated (for abbreviations see 
table 1). 
 
With a view to access the variation in the wing form, a total of 330 pinned specimens 
(Table 1) were subjected to analysis of the 21 landmarks (type I landmarks as defined by Bookstein 
1991) shown in Fig. 2. The right forewing of the studied specimens was separated from the body 
and scanned. Each wing represented a different specimen which was not scored for side variation 
(left, right). On this image the 21 landmarks defined by vein intersections were recorded.  
The coordinates of the specimens were determined automatically using the screen digitizer 
software TPSDig 2.10 software (Rohlf 2006). TpsSmall 1.2 (Rohlf 2003) was used to test if 
distances were small enough to permit statistical analysis using linear model (tangent space). 
The method of Generalized Procrustes Analysis (GPA) (Rohlf 1990; 1996) was followed in 
order to standardize the size and to translate and rotate the configurations of landmark coordinates. 
All specimens were scaled to unit centroid size.  
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Table 1 - Number and origin of the Cicada specimens selected for wing analysis (Abbrev. - 
abbreviations of the sampled localities). 
 
Locality 
Abbrev. Cicada 
barbara 
barbara 
Cicada 
barbara 
lusitanica 
Cicada 
cretensis Cicada  
lodosi 
Cicada 
mordoganensis 
Cicada 
orni 
CYPRUS Cyp      5 
PORTUGAL        
Alcalar (Algarve) Alg  16     
Crato (Alto Alentejo) Crato  39    33 
Portel (Alto Alentejo) Port  14    5 
Monte-da-Caparica (Estremadura) MteC      3 
SPAIN        
Algeciras (Andalusia)  Alg      16 
Cordoba (Andalusia) Cor  4     
Ceuta  Ceu  17     
FRANCE 
       
Molitg-les-Bains (Languedoc-Roussillon) Mol      7 
St Hippolyte (Languedoc-Roussillon) StH      4 
GREECE        
ITEA (ATHIKA) Itea      17 
ATHENS (ATHIKA) Ate      16 
PARALIO (PELOPONNESE) Paral      12 
Skyros (Sporades) Sky      11 
Naxos (Cyclades) Nax      11 
Andros (Cyclades) And      2 
Lesbos (Northeastern Aegean sea) Les      4 
Kos (Dodecanese) Kos     10  
Rhodes (Dodecanese) Rho     4  
Samos (Eastern Aegean sea) Sam     16  
Crete (Southern Aegean sea) Crete   14    
Karpathos (Dodecanese) Karp   4    
Kithira (Ionian) Kith   16    
MAROCCO (Fés) Fés 17      
TURKEY        
Alanya (Antalya) Alan    1   
Gundogmus (Antalya) Gond    1   
Koycegiz (Mugla) Koyc    1   
Gordes (Manisa) Gord    1   
Mordogan (Izmir) Mordog     1  
Milas (Mugla) Mil     3  
Didim (Aydim) Did     3  
Ephesus (Izmir) Eph     2  
TOTAL 330  
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These procedures were performed using TPSRelW 1.45 (Rohlf 2007) in order to remove 
the size factor from the data. Therefore, the aligned data have mostly shape information which was 
decomposed into uniform and non uniform components using thin plate splin equation (Bookstein 
1991). The latter component can be further decomposed into a series of further components, 
principal warps, which are eigenvectors of the bending energy matrix. Partial warps are vector 
multiples of the principal warps and describe how principal warps contribute in the deformation 
and are used as variables to describe non uniform shape differences. 
 
 
Fig. 2 – Position of the 21 landmarks recorded on the right forewing of the Cicada specimens.  
 
To visualize the most typical changes in wing shape we applied the relative warp analysis 
(Bookstein 1991). We extracted relative warp scores with the scaling option α=0 (Rohlf, 1993) that 
weights all landmarks equally and with the uniform component included (Rohlf and Bookstein 
2003), using the TPSRelW 1.45 software (Rohlf 2007).  
Relative warps were computed by principal component analysis as orthogonal eigenvectors 
of the partial warps covariance matrix.  Each relative warp is interpreted as specifying multiples of 
one single transformation and can be drawn out as a phin plate spline. Specimens were distributed 
in such shape space by projecting their aligned coordinates onto relative warps. 
 
 
Results 
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All landmarks (LM) presented low values of variance for aligned specimens and this small 
variability can be visualized in Fig. 3. The landmarks 1, 2, 3 and 14 are associated with the highest 
variances with values of S2 equal to 0.00045, 0.00036, 0.00033 and 0.00031,   respectively, 
whereas landmark 19 had the lowest value (S2 = 0.000066). 
 
 
Fig. 3 – Scatterplot of mean consensus configuration with individual Cicada specimens 
superimposed by the Generalized Procustes Analysis (GPA). 
 
Thirty eight relative warps (RW) were obtained.  Singular values explained by the first 
three relative warps for the wing consensus were 0.54, 0.46 and 0.39, respectively, with a total 
percentage of 49.4%. The landmarks 8 and 9 were determined as having the highest relative 
contributions. 
          Relative positions of the specimens were clustered together in the shape space defined by 
the first two relative warps (Fig. 4).  There were no clear-cut clusters between groups of species 
or populations. However, some tendencies were detected: C. barbara specimens appeared on the 
left quadrants nearly apart from the remaining species. Similarly, C. lodosi came out nearly isolated 
on the opposite side. Finally, C. orni, C. mordoganensis and C. cretensis are closely associated, being, 
therefore, morphologically more similar. 
Deformation grids in Fig. 5 illustrate shape changes from the mean (zero) configuration 
associated with minimal and maximal score values of -0.085 and 0.085 for each of the two RW 
axes presented in Fig. 4. None of the species had such extreme values but we used them for 
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better visualization of shape transformation. The latter could be generally defined for each RW as 
narrowing/expansion of wing associated with elongation/shortening of particular wing areas.  
 
 
Fig. 4 – Scatterplot of the projection of the Cicada specimens onto relative warps 1 and 2.  
 
Taking the RW1 axis as reference, the negative deviation is due to a general expansion of 
the wing, most marked in its middle part and particularly visible in the median cell area (LM 1, 2, 
4, 5 and 6) and with the enlargement of LM 8 and 9 defined vein. There is also an associated 
elongation in the median area of the wing (LM 16-20) as well as in the radial area (LM 13, 14 and 
21). The latter deviation is evident in the displacement to the left in the direction of r radial vein 
(LM 12 and 13). Moreover, it is also visible a shortening between LM 3 and 14.  
The RW1 positive deviation, in opposite direction, is determined by a significant general 
narrowing of wing (revealed, for instance, by the proximity in LM 8) plus the associated 
shortening of median and radial wing areas. The r radial vein is displaced to the right side with 
the elongation between LM 3 and 14. 
In what concerns the RW2 axis, the shape changes from consensus configuration to the 
score -0.085 are due to a general narrowing of wing, an associated shortening of radial area and 
elongation of the median one in addition to the elongation between LM 3 and 14. On the 
contrary, RW2 positive deviation is determined by general expansion of the wing. Moreover, 
      
 
208                                           Chapter 6. Morphometric variation in the species of genus Cicada  L. 
_____________________________________________________________________________
there is the elongation of the radial area and the shortening of the median one as well as the 
shortening between LM 3 and 14. 
 
 
Fig. 5 - Deformation grids showing shape changes from the overall mean along the RW1 and RW2 
in both positive and negative directions. For each axis the figure correspond to the maximal 
deformation (score values of -0.085 and 0.085). Landmark code numbers correspond to those of 
figure 2. 
 
As a result, the projection of specimens into relative warps 1 and 2 (Fig. 4) revealed C. 
barbara as the species with the greatest general expansion in wing width. On the contrary, C. lodosi 
specimens showed the narrowest wings. The remaining species appeared to be much more 
similar among them in wing shape. 
 
 
Discussion  
 
Sibling species are likely to show high morphological similarity, but morphometric approaches 
can in many cases disclose some differences in morphology that allow discrimination (Moraes et 
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al. 2004). In this respect, geometric approach, unlike the analytical one, may have a particular 
importance since it is aimed at comparison of the shape factor (Pavlinov 2001).  
This methodology allowed the discrimination of tendencies in shape changes in our cicada 
sample but did not show any major gaps in wing morphology allowing clear species or subspecies 
discrimination. However, C. lodosi and C. barbara were the species presenting the most evident shape 
divergence.  
Likewise, previous examination of wing morphology of genus Cicada by traditional methods 
permitted to find a few minor differences among species, especially when large series were analysed, 
however not consistently (Quartau 1988; Quartau and Simões 2006). C. orni has four well defined 
spots on the forewings on veins m-cu, m, r-m and, by contrast, C. barbara usually has only two well 
defined wing spots on the forewings. C. lodosi and C. cretensis also have four spots as in C. orni, while 
C. mordoganensis has the four conspicuous wing spots, yet not so well defined.  
In addition, a previous study (Simões and Quartau submitted) also revealed that 
populations were not easily separated on the basis of size measurements of structures of both the 
external morphology and the male genitalia. With the exception of C. lodosi, such analysis did not 
completely discriminate any other species or populations, overlapping between specimens being 
consistently observed. Body length appeared to be the most important variable allowing 
discrimination and clustering of C. lodosi (Simões and Quartau submitted). C. barbara barbara and 
C. barbara lusitanica were also fairly well separated and clustered on the basis of their body and 
rostrum lengths. On the other hand, analysis of the male genitalia revealed C. barbara specimens 
to have the lowest values for the majority of the variables considered, whereas, males of C. lodosi 
displayed the higher corresponding values, having the remaining three species similar values 
(Simões and Quartau submitted). 
The present results based on the geometric morphometrics of wing shape are quite 
concordant with the previous size data, demonstrating that C. lodosi and C. barbara are the species 
more differentiated.  Moreover, data on wing shape is also in agreement with the results obtained 
from acoustic and genetic analyses. Species showing greater morphological divergence (C. lodosi and 
C. barbara) are the ones presenting also greater acoustic and genetic divergences (Quartau et al. 2000; 
2001; Quartau and Simões 2006; Simões and Quartau 2008). Seabra et al. (2000) and Simões et al. 
(2000) also found lesser acoustic and genetic differences in the pair of species C. orni and C. 
mordoganensis.  
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Wing shape, however, was not effective to characterize geographic areas when analysing 
individual species. In fact, the pronounced morphometric and acoustic divergence found in C. 
orni from east and west geographic areas (Pinto-Juma et al. 2005; Simões and Quartau 2008; 
Simões and Quartau submitted) was not detected in the present analysis. Hence, wing 
morphology does not seem to reflect the geographic origin of the samples.  
In summary, the present results suggest that variation in wing shape is probably not directly 
related to the speciation process in this group of cicadas. Shape differences may have resulted as a 
consequence of the divergence following geaographic isolation and caused by adaptation of species 
and populations to environmental conditions and/or by some random factors.  
As far as we are aware, techniques of geometric morphometrics were applied for the first 
time to cicadas in the present study. The results here achieved are an example that, in spite of 
being mostly a complementary descriptive procedure, geometric morphometrics has provided us 
with a powerful tool for investigating subtle shape variation in wing shape and this tool should be 
extensively used in other structures to accumulate more data needed for a better understanding of 
the evolutionary process in this group of cicadas. 
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GENERAL DISCUSSION  
In agreement with the general and the specific objectives defined in the Introduction, the resulting 
research here presented provided a set of data that were discussed in the several papers of the 
present thesis. The results obtained contributed to a better knowledge of the Portuguese cicadas, as 
well as of the biogeography of the genus Cicada, the structure of the populations, their patterns of 
variation, population divergence and their possible causes.  
 
As defined in the second chapter, the acoustic signals of the most poorly known Portuguese cicadas 
were analysed, as well as their importance as taxonomic characters. The research carried out 
allowed the outcome of an updated list of all the cicada species known to be present in Portugal, as 
well as the first description of the calling song of Euryphara contentei based on material from the type 
locality. Moreover, the following two synonymies were established: Tettigetta argentata (Olivier, 1790) 
= Tettigetta atra (Gomez-Menor, 1957) and Tettigetta estrelae Boulard, 1982 = Tettigetta septempulsata 
Boulard & Quartau 1991 (Quartau & Simões 2004; Sueur et al. 2004). 
In addition, the study performed with the cicadas Tibicina quadrisignata (Hagen, 1855) and T. garricola 
Boulard, 1983, the latter only recently recognized in Portugal by Quartau et al. (2001), revealed that, 
although calling songs are nearly identical, detailed acoustic analysis in the frequency and temporal 
domain allowed their discrimination. 
 
In the third chapter, a better characterization of the Cicada complex of sibling species was 
performed. Genus Cicada was known to have six nominal species mainly distributed along the 
Mediterranean basin. The present work confirmed the existence of four species (C. barbara, C. lodosi, 
C. mordoganensis and C. orni), characterized them in detail and revealed a new species to science - C. 
cretensis (Quartau & Simões 2005). On the contrary, the dubious C. cerysii and C. permagna, given in 
the literature to Egypt and Libya and to Turkey, respectively, were never found during the field 
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work. Although the type localities were checked during the period of adult occurrence, they might 
have not been found due to very low cicada densities or their much localised populations. As the 
calling songs were never described, there is also the possibility that these species might be simply 
synonymies of the already well characterized species.  
 
Results showed that, as it was already known for the sympatric C. orni and C. barbara, acoustic 
signals constitute the best taxonomic character for species discrimination in the studied genus. In 
fact, C. orni and C. mordoganensis are sibling species, morphologically very similar but whose acoustic 
signals are considerably different although having the same general pattern (Simões et al. 2000). 
Additionally, the description of the new species C. cretensis was also based mainly on its acoustic 
signal. As such, this new species is easily discriminated and identified based on the fact that it shows 
a mean echeme interval shorter than in the two close species, C. orni and C. mordoganensis. In 
addition, the echeme duration is of intermediate duration in comparison with the other two sibling 
species (Quartau & Simões 2005). 
 
Moreover, a considerable amount of information at different levels besides bioacoustics was 
successfully achieved in a general overview of the complex of species of genus Cicada in southern 
Europe (e.g. Quartau & Simões 2006). In fact, this thesis significantly increased our knowledge on 
the ecology and biogeography of these species. 
 
 In the fourth chapter the geographical distribution of the different species is given in more detail 
(Pinto-Juma et al. 2005; Simões et al. 2006; Simões & Quartau 2008). Particularly in the Aegean 
area, a more complete and clearer trend in the distribution of the species under study was 
accomplished. C. lodosi was found only in Turkey. On the other hand, a clear geographic separation 
was found between C. orni and C. mordoganensis: they have never been found in sympatry. The 
former is present in western and central Aegean area and extending to northeast. By contrast, C. 
mordoganensis is found only in the east of the Anatolian coast, on the mainland and also in islands 
such as Chios, Kos, Samos, etc. C. cretensis appears in Crete, while acoustically and morphologically 
close populations were found in Kithira and Karpathos. However, it was not possible to extend the 
sampling to Near East as well as to North African, what would certainly add interesting 
information to the understanding of some unsolved questions.   
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A better knowledge on the structure of the acoustic signals and on their patterns of variation of the 
species involved was also acquired (Pinto-Juma et al. 2005; Simões et al. 2006; Simões & Quartau 
2008).  Differences in the acoustic signals of C. orni populations were documented. In fact, 
significant variation in the calling songs was found when different regions were analysed and 
compared (Pinto-Juma et al. 2005). Acoustic differenciation was found weak between Iberian and 
the southern French populations of C. orni, but it was strong between western European and the 
southeastern European populations. In fact, calling songs from Greece constitute a different group 
from those of western Europe, with males of the former region showing comparatively longer 
inter-echeme intervals and significant differences for most of the other acoustic parameters. 
 
Genetic analyses of microsatellites also corroborate these results and high levels of genetic 
differentiation were also found among Aegean islands and between these and the Greek continental 
populations (Seabra, pers. com.).  
 
A higher intra-populational acoustic variability was found in populations from southeastern Europe 
probably due to greater interactions between individuals and owing to particularly high population 
densities. Moreover, a higher intra-regional variability was also detected and can probably be related 
to a pronounced chorus effect important in female attraction. In fact, studies in a population of C. 
orni from Portugal were performed which showed a low dispersal trend with males performing 
chorus and promoting populational isolation (Simões & Quartau 2007). The same effect is likely to 
exist in the Greek populations, therefore dispersal is decreased and population isolation is 
promoted with a consequent increase in the divergence between different populations. In addition, 
in geographical isolates like island populations this divergence may be intensified by an early 
isolation due to geographical isolation during land formation.  
 
Data from Cyprus and Italy show that their populations of C. orni have acoustic parameters similar 
to populations of the western Mediterranean area (Iberian Peninsula and France), instead of the 
geographically closer populations from the Aegean area (unpublished data). Cyprus, in contrast 
with Italy, appeared to have populations of low density. 
 
Curiously, other populations such as Sousel (Portugal) and Kosmas, Kithira and Karpathos 
(Greece) revealed singular acoustic characteristics possibly as a result of isolation in divergent 
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environmental conditions and of epigenetic influences (e.g. altitude and latitude). The Lesbos island 
specimens showed that they do not constitute a different subspecies (Simões et al. 2006), contrarily 
to what was stated by Boulard (2000). 
 
In what concerns the important acoustic characters of the SMRSs, the present work showed that 
echeme duration was the variable with more constant values along the geographical distribution of 
C. orni (Pinto-Juma et al. 2005). Hence, the hypothesis of being probably one of the most important 
elements in its SMRS was outlined, since, according to Paterson (1985), such parameters should be 
maintained relatively constant by stabilizing selection across the distribution range of the species. 
On the other hand, duration of intervals between echemes revealed to be quite variable and 
sometimes with values extending the ones of C. mordoganensis. Therefore, this latter parameter 
should not be an important element in the SMRS of C. orni. Echemes were also almost invariable 
along the geographical range of C. mordoganensis, as well as of C. cretensis as it would be expected due 
to the limited range of distribution. 
 
Data presently gathered with the analysis of distribution patterns and of the calling song variation, 
disclosed some perspectives on the evolutionary history of the genus. Most likely, a Cicada ancestral, 
similar to present species with a continuous acoustic signal, like modern C. barbara, may have given 
origin to several distinct populations and, therefore, allowed the occurrence of acoustic 
differentiation and speciation (Quartau & Simões 2006; Simões & Quartau 2008.). As a result, it 
may have originated the present species with a continuous signal, the plesiomorphic state, as well as 
species with non-continuous signals in which the duration of echemes and intervals between 
echemes may have diverged independently in small isolated populations. Two main areas were 
important in this process of divergence. One in the occidental part of Mediterranean basin (Iberian 
Peninsula and North of Africa) where C. barbara and C. orni exist. The other area is situated in the 
oriental region, in the Balkans, in Aegean islands and Turkey, where C. cretensis, C. lodosi, C. 
mordoganensis and C. orni can be found (Quartau & Simões 2004).   
 
On the other hand, the Cicada species present in the oriental part of Mediterranean basin may be 
derivates from some old stock present in Miocene, at the moment of Aegean plate detachment. 
Expansion may have occurred mainly by vicariance rather than by dispersal (Simões & Quartau 
2008). In fact, the biogeography of the genus may be correlated with the tectonical evolution of the 
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area. Like in other studies, the paleogeography of the area may be considered as one of the major 
factors responsible for present levels of endemism and patterns of distribution (e.g. De Boer & 
Duffels 1996; Parmakelis et al. 2006). 
  
According to the geographical evolution of the Aegean area, C. cretensis may have been the first 
insular Cicada species to appear in the region. In fact, Pinto-Juma (pers. com.) through molecular 
analyses, also found C. cretensis to be a phylogenetically more basal species than C. orni and C. 
mordoganensis. Moreover, the referred author also found C. orni to be the species more recently 
diverged in the genus. The evolutionary history of the species may have subsequently been 
determined by the glacial and interglacial periods of Pliocene and Pleistocene. This latter phase is 
then considered as the period of continental expansion and regional differentiation.  
 
Indeed, the differentiation between regions that was found in the populations of C. orni is probably 
due to a strong isolation of these populations through the mountain ranges of the Balkans during 
the glacial period. Accordingly, the Aegean Sea area as well as Asia Minor area may correspond to 
the original dispersal and expansion area of C. orni (Pinto-Juma et al. 2005).  
 
In the fifth chapter, with the purpose of better understanding the acoustic behaviour and species 
recognition, a case study analysis with C. orni specimens was carried out. Since previous results 
suggested an acoustic behaviour involving the establishment of male aggregations and chorus 
formation resulting in male concentrations and poor dispersal ability, a field study on the C. orni 
dispersal capabilities was performed.  It was found that 90% of males fly less than 100m and none 
dispersed beyond 150m distance. Results also offered evidence for longer flights corresponding to 
older males. Therefore, older adults probably have more ability or availability for longer flights than 
younger ones. By contrast, results provided evidence that young males are maximizing their 
chances of mating by a strong singing activity without premating dispersal. 
 
Some experients were also performed to acquire a better knowledge on the most important and 
relevant acoustic properties in species recognition within males of C. orni. Results showed that 
heterospecific signals are some times considered as appropriate and males responded to them. This 
apparent tolerance in male response was interpreted as the result from lack of selection to allopatric 
heterospecific signals (Simões & Quartau 2006). On the other hand, given the asymmetry in fitness 
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costs of recognition errors in response to mating signals for the sexes, usually higher for females 
than males, the latter are expected to be more permissive in their responses to signals. 
 
Nevertheless, results also suggest that males need to ear a minimum duration of echeme and of 
interval between echemes and these values are near the lower limit of natural variation of the 
species. Moreover, values matching the mean found for the species elicited the best responses. As 
such, these acoustic characters seemed to be important in species recognition, at least by males, as 
shown also in C. barbara (Fonseca & Revez 2002). 
 
Experiments on female preferences, however, were inconclusive basically due to the fact that their 
responses were frequently unreliable, bad or inexistent. Therefore, since the female response was 
not studied yet, it is not possible to classify each of these acoustic properties as important in species 
recognition and/or mate choice. It therefore remains an open question as to whether there are 
different rules for conspecific call recognition and for assessing the attractiveness of a recognized 
call and how these processes interact to mediate the behavioural expression of mate choice. 
 
However, Seabra et al. (2008) found  that syllable rate showed low variability within and between 
specimens of C. orni, a result in aggreement with the pattern seen in many insects where this fine-
temporal character is subjected to stabilizing selection through female choice (Gerhardt 1994). 
Taking into account these low levels of variability, data on syllable rate should be considered in 
future research, since it could be a potentially important character in species recognition and mate 
selection. In fact, studies on different groups of animals, such as the case of the green toad, 
revealed the existence of different types of female preferences (stabilizing versus directional) to the 
acoustic properties and that different properties of the call have different roles in the 
communication system. Hence, pulse rate and fundamental frequency were found to be more 
important in species recognition, while call and intercall durations were important in mate choice 
(Castellano & Giacoma 1998). Likewise, echeme and inter-echeme durations and syllable rate may 
be the most central properties of the acoustic signal and with different roles in sexual selection and 
specific mate recognition. In fact, as it is the case of the cicada Cystosoma saudersii (Doolan 1981), 
female discriminating ability and preference for males have a central role in sexual selection. This 
can also influence male acoustic behaviour, male competition and chorus structure. Therefore, this 
type of selection may constitute an important motor of acoustic signal divergence. More recent data 
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from several animal groups, namely insects, also give evidence that sexual selection may, in fact, 
generate speciation (e.g. Boak et al. 1997; Gray & Cade 2000; Panhuis et al. 2001; Masta & 
Maddison 2002; Gray 2006). 
 
The study of morphometric divergence, analysed in the sixth chapter, with the objective of finding 
and confirming discontinuities between populations, allowed several considerations. First it showed 
that general body size and body length, in particular, appeared to be the most important 
morphometric traits in allowing discrimination and classification of species (Simões & Quartau 
2008a, submitted). Moreover, C. lodosi was the species with greater morphometric differentiation, 
followed by C. barbara. The remaining three species showed much more similar values (Simões & 
Quartau 2008a, submitted). Moreover, C. lodosi and C. barbara were also the species presenting the 
most evident wing shape differences (Simões & Quartau 2008b, submitted).  On the other hand, 
the pronounced acoustic divergence found in C. orni from the eastern and western geographical 
areas was also found in the morphometric analysis (a size effect) but was not detected in the wing 
shape study. As such, although morphometric differentiation is not greatly marked, results based on 
size and shape were in some general agreement with other results obtained from acoustic and 
genetic analyses. 
 
C. lodosi and C. barbara, the most acoustically and morphologically differentiated species, are also the 
more genetically divergent in the genus (Pinto-Juma, pers. com.). Curiously, these species have 
continuous calling songs and occur in some instances in sympatry with the non-continuous signal 
species - C. mordoganensis and C. orni. No character displacement in morphometry (unpublished data) 
and in acoustic parameters (Seabra et al. 2008) between sympatric populations of C. orni and C. 
barbara was ever found. Yet, data suggest a temporal separation (allochrony) and differences in 
ovipositing resources (allotropy) in sympatric species (personal observation). Hence, sympatric 
Cicada species seem to have allochrony and/or allotropy as mechanisms for decreasing the 
interspecific competition. However further work is needed to understand the selective pressures 
acting on these cicadas. Studies concerning microhabitat preferences of adults and nymphs would 
be a great contribute to this understanding. 
 
Finally, the present work revealed that in Cicada the main evolutionary trend consists in 
considerable acoustic divergence at the level of the calling song and this with practically no or very 
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low morphological differentiation (Quartau & Simões 2006, Simões & Quartau 2008a, b, 
submitted). However, this trend does not occur in the genus Tibicina, where conspicuous 
morphological divergence was attained with very subtle acoustic differentiation (Quartau & Simões 
2003). Therefore, these two evolutionary trends are contrasting despite the same general 
behavioural pattern of the two genera. In fact, Cicada and Tibicina are cicadas from the 
Mediterranean area which fit into the group of static singers, with much localized mobility, unless 
disturbed, as pointed out by Ewart (1989) for Australian cicadas. 
 
Similarly to these results, other authors stated also the existence of great similarities in the calling 
songs among the Tibicina species (Boulard 1995, Sueur & Aubin 2003).  Sueur (2003) stated that in 
Tibicina the calling song may have an important role in indirect aggression between males and it 
could not be considered as having a role in specific mate recognition and instead of being 
considered as a SMRS it may have its role in long range communication. Moreover, Sueur & Aubin 
(2003) stated that when males and females are at close range, other signals such as the courtship 
song and chemical or visual signals could play a role in Tibicina.  
 
In fact, both Quartau & Simões (2003) and Sueur & Aubin (2003, 2004) stated the existence of 
wing-flicks in Tibicina during or preceding the courtship song and in response to male acoustic 
signalling, females also produce wing-flicks, establishing an acoustic duet which usually ends in the 
physical contact of the couple. Sueur & Aubin (2004) suggested that such acoustic features could 
act as distinct SMRSs. However this suggestion needs to be further investigated, namely through 
palyback experiments. 
 
On the contrary, no such type of behaviour involving wing-flicks was ever detected in males or 
females of the genus Cicada. In fact, this group shows only rudimentary courtship so that a great 
part of the interaction between the sexes must occur through long-range acoustic signals as in other 
cicadas (Villet 1992; Price et al. 2007). Therefore, it is possible that in these species the calling song 
may have its role not only in long range attraction but also in short range communication, hence 
acting as an SMRS. For this reason, divergence in morphology is less pronounced than the 
divergence in acoustic signals, the latter being greater in sympatric species.  
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Final remarks  
 
The present thesis advanced considerably our knowledge on several issues, mostly at the levels of 
the bioacoustics and morphometrics of south European Cicada L. and namely on the biogeography, 
on the structure of the populations of the species studied, on their patterns of variation as well as 
on population divergence and their possible causes.  
 
Despite the many issues clarified, there are still questions to be answered. The following are 
examples of new questions or subjects that need further investigation: 
• Differences in populations were detected and the reasons for the existence of singular 
characteristics in specimens from localities such as Kosmas, Kithira and Karpathos in Greece and 
in Sousel (Portugal) should be looked for. 
• New playback experiments should be carried out, namely with C. mordoganensis and C. cretensis, in 
order to understand how the species recognition is performed in comparison, for instance, the 
closely allied C. orni. 
• Taking into account the low levels of variability of the syllable rate found in western 
populations of C. orni, it is therefore important to analyse this parameter in the Aegean populations, 
since this could be potentially important in mate recognition and selection.  
• The eventual importance of the longer average duration of the inter-echeme interval in the C. 
orni populations from southeast Europe, namely in the female preferences, should be also 
investigated.  
• In fact, experimental work on the preferences of females, in order to find out which 
characteristics of the song are important in mate recognition and choice, is of crucial importance.  
Despite the considerable practical difficulties in implementing these experiments, such an effort 
would allow testing the efficiency of the premating isolating barriers between the different species 
of the genus, as well as finding out whether any of the acoustic parameters are under sexual 
selection. 
• Seabra et al. (2008) found no evidence of character displacement between C. barbara and C. orni, 
hence stated that probably there is no reinforcement. Nevertheless, this work was performed only 
with males and by comparing their calling songs in allopatry and simpatry. Therefore, since there is 
increasing support to the suggestion that hybridization costs are higher to females than to males 
(e.g. Gerhardt 1994), it would be interesting to turn attention to the study of female preferences 
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and to search for evidence that females from sympatric areas discriminate conspecific males better 
than females from allopatric areas (e.g. Marshall & Cooley 2000; Hobel & Gerhardt 2003).  
• Species recognition and sexual selection have been often viewed as antithetical processes. 
However, there is continuity between species recognition and sexual selection, which results from 
the interaction between variation in signal and response to signal variation (Ryan & Rand 1993; 
Wilczynski et al. 1995; Boak et al. 1997; Castellano & Cermelli 2006). Therefore, knowing how 
variation in a signal affects a behavioural response and how variation in the behaviour response 
affects variability of the signal, would also be a fundamental issue in understanding the evolutionary 
forces acting upon this communication system. 
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